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ABSTRACT 
The objectives of this study were to develop semi-theoretical steady state and transient 
models of a mobile air conditioning evaporator for use in a complete system simulation. The 
steady state evaporator heat transfer model chosen in this project is a simplification of the 
enthalpy potential model presented in the ASHRAE Equipment Handbook and correlates the 
measured data within 5%. The pressure drop model is an empirical model and correlates the 
data within 10%. The mass transfer model is an empirical model that uses a mass transfer 
potential of the difference between the humidity ratio's evaluated at the air inlet and the metal 
surface conditions. This model correlates the data within' 10%. Coefficients for these models 
were obtained from experimental data using parameter search routines. The three models for 
heat and mass transfer and pressure drop were placed into a complete evaporator simulation 
model and continued to correlate the data well. For this study an empirical model was 
developed for the transient evaporator model. A quasi steady state model was used to 
determine the transient pressure drop. The transient heat transfer model uses an exponential 
approach to the steady state predictions of the heat transfer response to the transient inputs. 
This model is similar to approximating a complicated system response with a series of first 
order responses to the evaporator inputs. The experimental procedure and the techniques used 
to develop the evaporator models are discussed in de~ail to aid in future model development 
The programs that are discussed in detail in chapter 6 and given in the appendix are a Newton 
Raphson Equation Solver, and linear least squares, nonlinear least squares and Marquardt 
parameter search routines. 
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1. INTRODUCTION 
The pressures from government agencies and consumers to improve the fuel efficiency 
of vehicles in the automotive industry has spurred a movement to improve the perfonnance of 
the automotive air conditioning systems. The improved performance can be achieved by 
improving the individual components, such as the evaporator, and by improving the control 
strategies. In addition, the switch to refrigerant Rl34a from R12 within the automotive 
industry may require new designs for the heat exchangers to take advantage of the difference in 
refrigerant properties. The purpose of this study is to complete the work started by Siambekos 
[9] and fInish the development of a steady state and transient model for an automotive air 
conditioning evaporator for use in a complete automotive air conditioning system simulation. 
An additional purpose of the study is to provide evaporator models that are general enough to 
be easily used for other automotive evaporators. 
The fInished steady state model has been placed in a complete automotive air 
conditioning system model by J. VanderZee [26]. The system model can be used to test and 
optimize control algorithms, and can be used as a tool for system optimization by providing 
information about the effects of the individual components on the entire system performance. 
Automotive air conditioning systems almost always operate in transient conditions. The 
transients that force these conditions are engine speed, air flow over the evaporator coil and 
condenser coil, the heat load of the passenger compartment, and cycling of the compressor. 
An accurate transient model is required to develop control algorithms and to find the true effect 
of the air conditioning system on the full consumption. 
One objective of this present study is to give a survey of applicable steady state models 
for the evaporator. An applicable steady state evaporator model will have a fast run time to 
allow real time simulations in addition to a high accuracy. The type of steady state model that 
fulfIlls both of these requirements is a semi theoretical model which is defmed for this project as 
a model that uses a basically fundamental model with a few well chosen empirical parameters to 
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correlate data and to simplify the fundamental model. The steady state evaporator models 
presented in this work include a variety of heat transfer models, a mass transfer model for the 
dehumidification of the air side and a refrigerant pressure drop model. 
The second goal of this study is to develop a working transient model for the 
evaporator using the best steady state model available. The transient evaporator model 
developed is an empirical model that approaches steady state in an exponential manner. In 
addition, this study includes information necessary to develop evaporator models for future 
studies. 
This modeling effort is done as a part of the research done at the Air Conditioning and 
Refrigeration Center (ACRC) at the University of Illinois at Urbana-Champaign. The overall 
experimental facility was designed by T. Michael [28], the initial construction was done by 
Michael [28] and Kempiak [30], the original work on the steady state condenser model was 
done by Kempiak [30], the original work on the steady state evaporator model was done by 
Siambekos [9], and the original compressor model was done by Darr [29]. VanderZee [26] 
will present the transient condenser model and this thesis completes the work done on the 
transient evaporator model. 
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2. LITERATURE REVIEW 
2. 1. Introduction 
A vast amount of literature exists on both steady state and transient modeling of air 
conditioning systems. Much of this literature can be directly or indirectly applied to modeling 
or analysis of automotive air conditioning evaporators. The goals of this study are to develop 
transient evaporator models for use in a complete system simulation, provide experimental 
verification of these models and to develop a technique for obtaining models from experimental 
data. Included in this literature review are papers on applicable models and papers discussing 
modeling technique and model development. 
2.2. Models 
A variety of papers describing specific steady state and transient models are discussed 
in this literature review. However, there were a few papers that pertained to more general 
modeling of evaporators. These general papers are presented here. 
Eckels and Rabas [1] attempt to correlate the increased sensible heat transfer of a wet 
surface using wall suction theory in their paper "Dehumidification: On the Correlation of Wet 
and Dry Transport Processes in Plate Finned-Tube Heat Exchangers". Wall suction theory 
proposes that increases in friction, heat transfer and mass transfer are in similar ratios. They 
indicate this theory is applicable because the increased transverse velocity, due to condensation, 
has a significant effect in the increased sensible heat transfer rate. Experimentally they found a 
30 to 50% increase in the contact conductance for a wet coil verses a dry coil. In addition, 
their data indicates an increase in the overall heat transfer coefficient by approximately 25%. 
They conclude that the Chilton-Colburn heat and mass transfer analogy is applicable to be used 
for correlating sensible heat and mass transfer processes. Eckels and Rabas used tube and 
plate-rm heat exchangers in their study. 
3 
The increase in heat transfer coefficient due to a wetted surface is confmned [22] by 
Hu, X., Zhang, L. and Jacobi, A.M. in their paper "Droplet and Retained Condensation 
Effects on Local Connective Heat Transfer for·Annually -Finned Tubes in Cross Flow". 
Using a naphthalene sublimation method on a fin with simulated water droplets (polystyrene), 
they determined the heat transfer coefficient at many different locations on the fin. They 
determined that the increased overall heat transfer coefficient was due to vortex flow structures 
caused by the water droplets. In their experiment, the increase in the overall heat transfer 
coefficient was found to be a strong function of Reynolds number, with up to a 33% increase 
in overall heat transfer coefficient at high Reynolds numbers and a decrease in the overall heat 
transfer coefficient at low Reynolds numbers. The Reynolds number range for this experiment 
was 1600 to 11000 based on the hydraulic diameter. 
McQuiston [2] discusses modeling techniques for dehumidifying coils. He uses the 
Colburn j factor analogy to model his tube and fin cooling coil for both sensible and total heat 
transfer. He also indicates that the results of the analogy are poor for a parallel plate heat 
exchanger such as the one studied in this thesis. Using the j factor McQuiston indicates he can 
model tube and fin cooling coils with a variety of tube rows, tube spacing and fm spacing. The 
j factor can be correlated using the Reynolds number based on tube spacing. 
For the refrigerant side, Eckels and Pate [3] did a comparison of the heat transfer 
coefficients of R-134a and R-12 based on existing correlations. In their paper they present 
three correlations for the heat transfer coefficient for evaporation in tubes. The similarity in 
each of the correlations is that the two phase heat transfer coefficient is proportional to the 
Reynolds number to the 0.8 power. Each of the correlations differs in complexity, using the 
boiling, Froude and convection numbers, to determine the heat transfer coefficient. 
2.2.1. Steady State Evaporator Modelin~ 
A model for dehumidifying and cooling coils is presented in chapter six of the 
ASHRAE Equipment Handbook, 1988 [4]. The evaporator model presented is an enthalpy 
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potential model where log mean enthalpy difference is used to determine the heat transfer 
potential, and the air side heat transfer coefficient is modified by the specific heat of air. A 
"three line" method is used to determine the boundary between the wet and dry surfaces. 
Davis, Chianese and Scott [5] present an evaporator model in their paper "Computer 
Simulation of Automotive Air Conditioning - Components, System, and Vehicle". The wet 
evaporator model is an enthalpy potential model that assumes a 100% wet coil. The unique 
feature of this model is that the surface temperature is assumed to be at the average air dew 
point temperature. 
Oak Ridge National Lab [6] developed a steady state evaporator model in their heat 
pump model. Their model uses an enthalpy potential to determine the heat transfer of the wet 
section of the evaporator, and an effectiveness model for the dry section of the evaporator. 
When a partially wet evaporator exists, the iterative solution to the ORNL model becomes 
extremely complex. Furthermore, the solution technique for the exit air temperature, when 
mass transfer is present, uses an infinite series to solve the differential equations that were 
developed. 
Oskarsson, Krakow and Lin [7,8] present two papers dealing with steady state 
evaporators: "Evaporator Models for Operation with Dry, Wet, and Frosted Finned Surfaces. 
Part 1: Heat Transfer and Fluid Flow Theory" and "Evaporator Models for Operation with Dry, 
Wet, and Frosted Finned Surfaces. Part 2: Evaporator Models and Verification". The 
evaporator models presented represent the heat exchanger as a composite wall using the resistor 
analogy and a temperature potential. In part 1 of the paper they develop equations for the 
thermal resistance to air side heat transfer, frost layer growth, refrigerant side heat transfer, fm 
efficiency and contact and fouling resistance. The refrigerant side is divided into three zones: 
two phase, transition and superheated. When mass transfer occurs there is an additional heat 
transfer coefficient added to the air side heat transfer to account for latent heat In addition, 
they present equations for air and refrigerant pressure drop. In part 2 of the paper three 
different models are presented using the resistances developed in part 1. These models include 
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a finite element model, a three region model a parametric mode1. Results from each of the three 
models compared very well, which indicates that any of the models may be used in a system 
simulation to get equivalent results. 
Siambekos [9] develops a simulation model for an automotive air conditioning plate fin 
evaporator in his thesis. Both one and two refrigerant zone models are fonnulated. The air 
side heat transfer is done with an enthalpy potential. In addition, models for pressure losses 
and mass transfer are given. He includes experimental verification of these models. 
In "A Simulation Model of Refrigerating and Air-Conditioning Equipment Based on 
Experimental Data" Cecchini and Marchal [10] present equations for a compressor, condenser, 
expansion valve and evaporator. Their very simplified model equations are based on 
thermodynamic principles and only need two or three data points to characterize each 
component. They have made the assumptions of steady state, constant superheat at the 
evaporator, constant sub-cooling at the condenser and no pressure drop except in the expansion 
valve. Despite these assumptions they claim the model predicts data within approximately 5%. 
The evaporator model uses an enthalpy potential and a log mean enthalpy difference to 
determine the heat transfer from moist air. 
Ding, Eppe, Lebrun, and Wasacz [11] propose new models for both a wet evaporator 
coil and for a transient evaporator. Their approach to modeling a wet evaporator was to 
generalize the all wet or all dry proposal of Jim Braun. The generalization consist of using the 
wet bulb temperature as the heat transfer driving potential. Using the wet bulb temperature 
requires them to develop a fictitious air capacity, fictitious air specific heat and fictitious air side 
resistance. Finally, they suggest that an equivalent surface temperature be compared to the inlet 
dew point of the air to determine if the coil should be considered wet or dry. The transient 
model proposed by Ding, et. al. consists of a simple first order response to any change in 
inputs. They experimentally verified their models for steady state dry and wet conditions and 
for transient dry conditions. 
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2.2.2. Transient Evaporator Modelin~ 
Transient response of heat exchangers is discussed by Kays and London [12] in the 
third chapter of their book Compact Heat Exchangers. The heat exchanger transient discussed 
was the response due to a step change in one fluid inlet temperature. A lag in response is due 
to the thermal capacitance of the fluids and the heat exchanger walls. The non-dimensional 
parameters needed to evaluate the response are developed and several graphical solutions are 
provided. 
Sami et. al, [13,14] produced two papers on dynamic response of heat pumps. Their 
dynamic heat pump model is a lumped parameter model using a control volume formulation for 
each of the heat pump components. The transient equations for continuity, energy and 
momentum are presented for each of the heat pump components. For short transients, defined 
as control operations while running or system cycling in search of optimum running 
conditions, the equations were integrated numerically to solve for the system response. The 
long transients such as start up and shut down or frosting of the evaporator used a quasi steady 
state simulation to solve for the response. They simulated three systems in the two papers and 
obtained results that compared well with experimental data. 
Mitsui [15] develops a transient air conditioner model in his paper" hnprovement of 
Refrigerant Flow Control Method in Automotive Air Conditioners", for use in developing a 
control strategy for the expansion valve. Energy and mass balance equations are used to derive 
the differential equations modeling the evaporator. These equations are then solved 
simultaneously using Euler's method. The air side of the evaporator is assumed to be in steady 
state at all points in the transient simulation. 
James, K.A. and James, RW. [16,17] develop a model of a heat pump using 
established techniques. Their model is a thermodynamic based transient model using a stirred 
tank approach. Each of the components are diVided into multiple zones for which differential 
equations are derived. Fast response zones are modeled with algebraic equations. For the 
evaporator, three zones are developed: air, metal and refrigerant. The air zone is considered 
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fast and therefore only algebraic equations are used. The refrigerant zone includes both energy 
and mass balance equations and the metal zone includes an energy balance equation. Therefore 
three differential equations are used to characterize the evaporator. The differential equations 
are solved using Euler's method. The authors have also produced a lengthy article reviewing 
many papers dealing with transient heat pump models. 
Dhar and Soedel [18,19] discuss a transient analysis program for a room air-
conditioner within their papers "Transient Analysis of a Vapor Compression Refrigeration 
System" parts one and two. The model consists of equations derived using basic engineering 
principles and a few well chosen empirical parameters. They used an Euler method over a 
fourth order Runge Kutta method, to evaluate the transient conditions, to avoid complexity and 
the extra calculations of the Runge Kutta method The time step was detennined using an 
interval halving method. Interval halving simply halves the time step of a calculation until two 
successive computations agree to a specified tolerance. The transient analysis program was run 
under 5 different cases and predicted the transient response of the system. 
In the article "Analytical Representation of the Transient Energy Interactions in Vapor 
Compression Heat Pumps", MacArther develops a transient model for each of the components 
of a heat pump: evaporator, condenser, compressor, expansion valve and accumulator. These 
models were derived from conservation laws and were then written in implicit form to be 
solved numerically. No experimental verification is presented in the paper, however the author 
indicates that the model is internally verified, meaning that all of the continuity laws are 
satisfied with his approach. 
2.3. Model Development 
The article "Component Modeling Requirements for Refrigeration System Simulation" 
by Davis and Scott [21] works through the steps necessary to develop a working system model 
for the system designer. This model must have reasonable accuracy and must have a minimum 
of complexity so that it has a reasonable run time. Such a model is developed using a 
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combination of basic principles and a few well chosen empirical parameters. They use this 
technique to develop a working model of a hermetic compressor for use in a refrigeration 
system and indicate that it can be used to develop working models for each of the other 
components in a refrigeration system. 
Adby, P.R. and Dempster, M.A.H. [23] discuss many useful optimization techniques 
in their book Introduction to Optimization Methods. Two of the more useful methods that they 
discuss are Least Squares and Marquardt methods. These methods have been used to develop 
the model parameters in this study. 
2.4. Conclusions 
There are conceivably hundreds of other papers dealing with the subject of evaporator 
models and thousands on model development and optimization. The purpose of this literature 
review has been to give an overview of the articles and papers that were useful or directly 
related to this study. 
Several of the ideas presented in the papers reviewed above have been very useful in 
developing the evaporator models of this study. In general only two approaches were found 
to account for a wet surface of an evaporator. These approaches were to use an enthalpy 
potential and to modify the sensible heat transfer coefficient All of the other models found 
were modifications of these two approaches. In addition, there seem to be two different 
approaches to modeling the transients within refrigeration components. One is to develop the 
differential equations and solve them using a numerical integrator such as Euler's Method and 
the other is to assume a fIrst order response and solve for the capacitance for each type of 
transient Each of these methods have been attempted in this study to develop the best overall 
evaporator model for use in the automotive industry. 
In addition to papers on modeling the evaporator, some practical papers on heat transfer 
of the air side of a heat exchanger have been reviewed. These papers indicate that there is 
experimental evidence for modifications of the sensible heat transfer coefficient due to wetted 
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surfaces, but there is much disagreement to the actual physics motivating this change. Both a 
constant increase in heat transfer coefficient and an increase that is a function of the Reynolds 
number have been studied in this project. 
Due to the complex nature of the plate fin evaporator and the concJ.ensation process itself 
there have been few studies done that directly apply to modeling of the plate fin evaporator 
used in automotive air conditioning systems. In addition, correlations for the heat transfer 
coefficients on the refrigerant side of the plat fin evaporator are non-existent because of the 
complex geometry. For these reasons, the modeling done in this experiment will largely 
consist of optimizing simple model forms to the experimental data taken in the laboratory. 
10 
3. DEVELOPMENT OF A STEADY-STATE MODEL 
3. 1. Introduction 
A simple overall steady state evaporator heat transfer model is required to enable the 
transient study objectives of this project to be done. The steady state model chosen must be 
general, accurate and have a short run time to meet the project goals of conducting a transient 
study and developing a general model applicable to other evaporators in automotive air 
conditioning systems. The fIrst phase of the project was to develop a complete steady state 
model that fulfIlled all of the previously stated criteria. Phase one of the project was originally 
completed by Siambekos [9], however there were some problems with the heat and mass 
transfer models presented in his thesis which indicated that other models should be considered. 
Some of the semi theoretical steady state evaporator models found in literature that meet the 
project criteria will be presented in this chapter. 
The recent literature contains many different evaporator models that account for both the 
heat and mass transfer associated with a wetted surface of an evaporator. The wetted surface 
makes temperature potential models, such as those used for condensers, ineffective for 
determining the heat transfer of automotive air conditioning evaporators. In addition to 
accurate heat transfer, models must be developed for the refrigerant pressure drop and for the 
air side mass transfer. Mass transfer models are discussed with the corresponding heat transfer 
models in this chapter when appropriate. The refrigerant pressure drop model provided by 
Siambekos [9] provides accurate results and fulfills the requirements established by transient 
modeling. Therefore, the pressure drop equation will remain unchanged. This pressure drop 
equation is provided in the conclusion to this chapter. 
3.2. Background Theory 
There are two types of models that account for the latent heat transfer on the air side of 
an evaporator: Enthalpy Potential models and Modified Heat Transfer Coefficient Models. In 
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addition to the these models, a brief description of a heat exchanger heat transfer model based 
on temperature potential is also discussed to provide a reference for discussing the specialized 
evaporator models. 
3.2.1. Temperature Potential Model 
The general heat transfer model uses a temperature potential to drive the heat transfer, 
across a series of thermal resistances. Figure 1 below, shows the resistor analogy for a heat 
exchanger. Note that heat transfer conductance is the inverse of thermal resistance. 
R-refergerant R-metal R-air 
T 
ref 
Figure 3.1, Heat Transfer Resistor Analogy. 
The local heat transfer equation using this model is as follows: 
T.:.-T __ 
q' = --"""---'''''=---
R!d. + Rair + RmcIal 
Heat transfer equations may use either a Log Mean Temperature Difference or the 
Effectiveness-NTU approach. These two methods yield the following two heat transfer 
relations: 
Where: 
q = VA· LMTD = e(m· cp)air(T air.in - T!d) 
VA = ___ 1 __ _ 
R!d. + Rair + Rmelal 
e = (1- e -UA/(rilcp}aIr) - for evaporation or condensation only 
(T . . - T -" )(T . - T -" . ) LMTD = m.m "" .• out m.out ....... m 
In«T air.in - T !d .. out) / (T air. out - T !d .. in» 
Nomenclature: 
cp - Specific Heat LM1D - Log Mean Temperature Difference 
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T 
air 
(3.1) 
(3.2) 
(3.3) 
(3.4) 
(3.5) 
m - mass flow rate 
it - Total Heat Transfer 
T - Temperature 
q' - Heat Transfer 
R - Thermal Resistance 
e - Effectiveness 
3.2.2. Enthalpy Potential Models 
Enthalpy potential methods replace the air side temperature potential with an air 
enthalpy potential which is the difference between the ambient air enthalpy and air enthalpy 
evaluated at the surface conditions. The air side heat transfer coefficient is modified when 
using an enthalpy potential. It can be approximated by the following relation: 
(3.6) 
The refrigerant and metal resistances and potentials remain the same as in the general 
temperature potential model. For dry air the enthalpy potential and temperature potential are 
equivalent as long as cp air remains constant. The effect of air moisture content in an enthalpy 
potential model is to increase the heat transfer potential. This accounts for the added heat 
transfer due to condensation, but it does not necessarily account for an increase in heat transfer 
due to an increase in turbulence that is associated with a wetted surface. 
3.2.2.1. Pseudo-Enthalpy Potential- Siambekos 
The heat transfer model developed by Siambekos [9] approximates the surface enthalpy 
with a polynomial curve fit of the saturated air enthalpy at the evaporator refrigerant inlet 
temperature. This approach requires only four heat and mass transfer equations. The heat 
transfer equation is presented below: 
(3.7) 
The thennal resistance in this model has been approximated as: 
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where individual resistances may be thought of as: 
be R =-
ref. mo's 
ref. 
The mass transfer equations are as follows: 
h ( Wairin +wairout ). mass '2 ' - Wswface = mair(wair,in - wair,out) 
Where hmass is the mass transfer coefficient and is approximated as: 
h =f+gm' 0:5 
mIllS au 
and Wsmface is evaluated at the surface temperature: 
_ q·e 
Tsurrace - mo's + T ref.,in 
ref. 
Note the exponents on the air flow rate seem to have been chosen arbitrarily. 
Nomenclature: 
hair - Enthalpy of the Air 
m -Mass Flow Rate 
R - Thermal Resistance 
W - Air Humidity Ratio 
hmass - Mass Transfer Coefficient 
q -Heat Transfer 
T - Temperature 
3.2.2.2. Enthalpy Potential Model- ASHRAE Equipment 1988 
(3.8) 
(3.9) 
(3.10) 
The wet evaporator model presented in the ASHRAE (American Society of Heating, 
Refrigeration and Air Conditioning Engineers) Equipment Handbook [4] assumes a single 
phase fluid for the coolant, however, the treatment of the air side provides insight for 
development of a fundamental enthalpy potential model for a partially wet evaporator. In 
addition the ASHRAE model assumes a counter flow heat exchanger. This model 
approximates the air side of the evaporator by assuming there are two zones, one wet and one 
dry, and developing models for each zone. The overall model then becomes a model of two 
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heat exchangers in series. The difficulty with this model is the complex task of detennining the 
boundary temperatures between the two heat exchangers. There are 5 unknowns in this model: 
T air out, T air boundary, Tsurface boundary, T ref. boundary, T ref. out· 
T-airin T -air boundary T-airout 
R-air dry T-sunace R-airwet 
R-metal I boundary I R-metal 
R-ref R-ref 
T-ref. out T -ref. boundary T-ref. in 
• 
Figure 3.2, Conceptual ASHRAE heat transfer model. 
The equations for a wet evaporator model, as presented in the ASHRAE equipment 
handbook, are presented below: 
The three equations below state conservation of energy for the heat exchanger. 
The refrigerant heat transfer is: 
q. = m ___ (h'-'" - h ___ . ) 
ua. na.,out IQ.,m (3.11) 
which equals the air side heat transfer: 
(3.12) 
while the air side heat transfer must be the sum of the heat transfer for both the dry and wet 
zones. 
q = qair,dry + qair,Wel (3.13) 
The next equation is an approximation for the enthalpy of the water leaving the 
evaporator. 
hwater,out = (w air,in - wair,out )(T air,out.wetbulb - 32) (3.14) 
The following three equations model the dry section of the evaporator using a log mean 
temperature potential and the resistor analogy. 
q . dry = rh·. (h . . - h . bo clary) 1lI. &II' 1lI. U1 alI' , W1 (3.15) 
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(3.16) 
(T -T )-(T -T ) AT dry = air,in . zer.,cut air.bamdary zer.,bcuudary 
In(T air,in - T zer.,out) / (T air,boundary - T ~.,boundary) 
(3.17) 
The wet section of the evaporator is modeled using a log mean temperature difference to 
detennine the refrigerant heat transfer potential and a log mean enthalpy difference to detennine 
the air heat transfer potential, resulting in the following three equations: 
(3.18) 
Ah = (hair,bcuudary - hsud.co,boundary) - (hair,cut - hsudacc,out) 
wet In(hair,bcuudary - T sudacc,boundary) / (T air,cut - T swfacc,cut) 
(3.19) 
(T -T )-(T -T) AT dry = sud.co,boundary zer.,boundary sud.co,cut zer.,in 
In(T sudacc,bcuudary - T zer.,boundary) / (Tlurfacc,out - T zer.,in) 
(3.20) 
The difficulty in solving this model is that the area of each of the two "series" heat 
exchangers, wet and dry, will be different for every condition. These areas along with all of 
the associated temperatures, enthalpies and heat transfers may be calculated analytically by 
introducing the following eight equations. 
Geometry: 
(3.21) 
Definitions: 
T _.~ boun"'~ = T . . clew • 
• l.I.Uace, -3 m,m, -pomt (3.22) 
Equation 3.23 is the ratio of the capacity on the air side to refrigerant side capacity for a 
wet section of the evaporator where the specific heat of the air is incorporated into the heat 
transfer coefficient. 
(3.23) 
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Energy balance: 
The ratio of the resistances is found by energy balance at a point along the heat 
exchanger and is assumed to be a constant throughout the heat exchanger. 
R +R T -T C = melal ref. = lIIIfac:c.boundary rt4 •• bclwIduy 
Cp* Rair,wet hair,bounduy - hsurracc,bouDdary 
Equation 3.25 represents the air side energy transfer for the dry section, 
(h . . - h . bound ) T - T _ m,m m, uy 
air,boundary - air,in 
Cp* 
while 3.26 is the energy balance equation for the refrigerant side of the dry section of the 
evaporator. 
T ref.,boundary = T rt4.,out - y. cPalr (T air,in - T air,bounduy) 
The following equation serves as an index of the coil conditions: 
T . . ~_ . - T -I + y. h . . + C . h . . ~_ . h - &U',m,~wpo1Dt ROl.,Out aD',m llI',m,USOwpomt 
air,boundary - C + y 
(3.24) 
(3.25) 
(3.26) 
(3.27) 
If hair,boundary is greater than the entering air enthalpy then the surface is all wet, if it is 
less than the exiting air enthalpy then the surface is all dry and if it falls between the inlet and 
exit then the surface is partially wet 
Nomenclature: 
A - Surface Area 
cp - Specific Heat 
m -Mass Flow Rate 
R - Thermal Resistance 
w - Humidity Ratio 
AlI - Log Mean Enthalpy Difference 
C - Resistance Ratio 
h - Enthalpy 
q -Heat Transfer 
T - Temperature 
y - Capacity Ratio 
AT - Log Mean Temperature Difference 
3.2.3. Modified Heat Transfer Coefficient Model 
Modified heat transfer coefficient models attempt to account for both mass transfer and 
the increased heat transfer, due to the wetted surface, by adding a "bonus" heat transfer 
coefficient that is related to the mass transfer. The refrigerant and metal resistances and 
potentials remain the same as presented in the temperature potential models. 
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3.2.3.1. Latent Heat Transfer Coefficient - Oskarsson 
The heat transfer model presented by Oskarsson [7,8] is based upon the resistor 
analogy. He included resistances for the air side, frost, air side fouling, fin efficiencies, 
contact, refrigerant side fouling, and the refrigerant resistance. In this model the air side heat 
transfer coefficient is modified by adding an additional latent heat transfer coefficient The 
latent heat transfer coefficient presented accounts for the latent heat transfer only and does not 
include an increased sensible heat transfer coefficient due to the wetted surface. The latent heat 
transfer coefficient model of Oskarsson can be represented by: 
Where: 
(3.29) 
Equation 3.30 the j-factor for the coil. Oskarsson gives correlations for the j factor of 
the coil he used. Since they are not applicable to this evaporator they are not presented here. 
j = St ·Pr2l3 (3.30) 
The latent heat transfer is given as: 
" 
4lalellt = hmassiw (w ~ - W surface,minimum)( <l> Afin + Atube ) (3.31) 
where the humidity fm efficiency is defined by the following equation because there presently 
is not an available correlation. 
" <l> = <l> (humidity fin efficiency = fm efficiency) (3.32) 
The latent heat transfer coefficient is a function of the dry heat transfer coefficient 
h A = hdry,m . iw . C 
latent Le 
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·c 
PdIy,air 
(3.33) 
C is the ratio of the humidity transfer potential to the temperature transfer potential. 
Notice that C will go to zero when there is no mass transfer. 
C = (w air,in - Wair,surface) 
(T air,in . - T air ,lIIIface ) 
iw = heat of condensation for water (1061 Btu/lbm) 
Le = Lewis Number (0.9 to 1.0) 
cp,cIIy,air = 0.24 BTU/lbm 
(3.34) 
In part two of Oskarsson's paper he suggests the use of the log mean temperature 
difference for a cross flow heat exchanger and a constant refrigerant temperature. The log 
mean temperature difference is: 
(3.35) 
Tair = T ref. + aTIm (3.36) 
The value of href., the refrigerant side heat transfer coefficient, is dependent upon the 
region of the heat exchanger. Oskarsson allowed it to have three values depending upon the 
zone: 2 phase, transition and superheat The values of these refrigerant side heat transfer 
coefficients were determined from empirical equations given in the literature. 
For automotive applications, the frost layer does not fonn due to cycling of the 
compressor. The equations presented by Oskarsson for frost growth are mostly empirical and 
have no relevance to this project, therefore these equations are not presented. In addition, the 
contact resistance and the fouling resistance's are not presented because they will be lumped 
into the air and refrigerant resistances in the simplified overall models necessary for this 
project. 
Nomenclature: 
A - Surface Area 
h - Heat Transfer Coefficient 
iw - Heat of Condensation for water 
j - j Factor 
cp - Specific Heat 
hnutSs - Mass Transfer Coefficient 
K - Heat Conduction of Frost 
. Le - Lewis Number 
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m -Mass Flow Rate 
it -Heat Transfer 
T - Temperature 
.1Tbn - Log Mean Temperature Difference 
Pr - Prantdl Number 
St - Stanton Number 
a -Frost Layer Thickness 
3.3. Evaluation of Candidate Models 
Some of the models presented above assume knowledge about the evaporator that is not 
necessarily readily available. This knowledge includes surface areas, fin efficiencies, contact 
resistances, and heat transfer coefficients. Since the goal of this project is to develop working 
models of an evaporator of an automotive air conditioning system using a limited amount of 
data and, without necessarily knowing the exact geometric relationships, these effects are 
sometimes lumped into few easily determined heat transfer coefficients. With the exceptions 
mentioned above the models presented in this section keep the original intent of the heat 
transfer models presented in the previous section. 
3.3.1. Pseudo-Enthalpy potential- Siambekos 
The equations for the heat and mass transfer models developed by Siambekos [9] were 
given as equations 3.7 through 3.10. Each of the coefficients for equations 3.7 through 3.10 
were derived from experimental data using parameter search routines described in Chapter 6 -
Parameter Estimation Procedure. The coefficie.nts for this model were developed using the 
nonlinear least squares routine included in Appendix B - Model Development Programs. For 
the evaporator studied in this experiment the model coefficients are: 
a = -3.2373 
b = 0.47417 
c = - 8.3653 10-4 
d = 4.2155 10-2 
btu 
lb 
btu 
IbOF 
hr 
lb. 
( hr)o.s 
lb. 
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e = 4.4805 10-2 
f = - 4201.1 
g = 225.1 
hr°F (lb. )0.8 
Btu hr 
lb. 
hr 
(~r·s 
Where the coefficients a and b were determined by a curve fit of saturated air enthalpy 
between 20 and 60 oF. The results of fitting this model to the experimental data are shown 
below in figure 3.3. 
The pseudo-enthalpy potential model's appeal is that it has relatively few equations to 
determine both the heat and mass transfer. The small number of equations gives quick 
simulations using a Newton Raphson routine. In addition, the coefficients in these equations 
are easily detennined using a nonlinear least squares program. Unfortunately the model has a 
variety of problems some of which are listed below: 
· This model is not very accurate. 
· This model is not necessarily general. It may not be possible to apply this model 
to other evaporators without taking extensive data. 
· The optimum value of the constant "e" is difficult to determine. It can be 
changed by an order of magnitude and the other coefficients will adjust slightly to 
continue to give approximately the same results . 
. The mass transfer function given by equations 3.8 through 3.10 has two flaws. It is 
not stable because it uses the difference of two large numbers to detennine the value 
of a very small number. In addition, this model will sometimes predict a mass gain to 
the surroundings. This second effect is because the mass transfer potential is based 
upon the average of the inlet and outlet humidity ratio while the surface humidity ratio 
is always assumed to be saturated. 
21 
i 
i , 
i 
! j 
~ 
! 
i 
i 
I 
i g 15000 ................................................................. : .................................................................................................................... . 
j 
F-i 
I 
I 
t IiJ 
o 
o 
i 
i 
~ , 
, 
o 
o I 10000 
::E 
···································CJ<fiJ?·· .... . ........ 0' ................................... , .................................................... . 
. 0 0 ! 
o Q) • ~ I 
: I 
o I 
5000~~~~~~~~~~~~~~~~~~~~~~~-r 
5000 10000 15000 20000 
Measured Evapmator Heat Transfer (B1U/hr) 
Figure 3.3, Heat Transfer Model of Siambekos. 
3.3.2. Pseudo-Enthalpy potential 
In addition to the original Siambekos [9] model, coefficients were developed for his 
model where the values of the coefficients "a" and "b" in equation 3.7 were allowed change. 
The assumption in his original model is that the heat exchanger surface temperature on the air 
side is the same as the inlet refrigerant temperature. A surface temperature other than the inlet 
refrigerant temperature can be obtained by allowing coefficients "a" and "b" to change. Using 
the same nonlinear least squares program the following coefficients were developed for this 
model: 
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a = - 22.943 
b = 0.40977 
c = - 7.2477 10-4 
d = 4.0583 10-2 
Btu 
Ibm 
Btu 
Ibm·oF 
hr 
lb. 
( hr)o.s 
lb. 
hr°F (lb. )0 .• 
e = 0.35839 
Btu hr 
where the values of "f' and "g" were not reevaluated. 
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Figure 3.4, Heat Transfer Model Pseudo-Enthalpy potential model. 
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Although this model is more accurate than the original Pseudo-Enthalpy model it has 
the same problems as the model developed by Siambekos[9]. The results of this model are 
presented in figure 3.4 above. 
3.3.3. Simplified Enthalpy Potential Model 
The following model makes use of the partially wet evaporator modeling ideas 
presented in the ASHRAE Equipment Handbook [4]. However, this model is much simpler 
than the ASHRAE model due to the following simplifications: 
· The log mean temperature difference and the log mean enthalpy difference have 
been replaced by arithmetic mean. 
· The seven analytical equations, 3.21 through 3.27, that determined the boundary 
between wet and dry sections have been replaced with one empirical equation that is 
given below as equation 3.43. 
· The thennal resistances have been replaced with simple resistance equations similar to 
those used in Siambekos' [9] model. 
· The need to determine the refrigerant temperature at the boundary has been eliminated 
because the two phase refrigerant has approximately a constant temperature. 
Therefore two of the equations dealing with refrigerant side energy balance and heat 
transfer have been eliminated. 
As a result of these simplifications there are only two unknowns in this conceptual 
model: hair boundary, and hair out. These simplifications have reduced the total number of 
equations from 15 in the original ASHRAE model to only 7 in this simplified enthalpy potential 
model. 
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h-airin 
R-airdry 
h-air boundary 
~ 
R-metal 
R-ref 
T -ref. average 
R-airwet 
Figure 3.5, Conceptual simplified ASHRAE heat transfer model. 
h-airout 
Equations 3.37 and 3.38 replace equations 3.11 through 3.13 in this simplified 
enthalpy potential model. In addition equation·3.14 has been assumed insignificant. The total 
Heat transfer is ht sum of the heat transfer on the wet and dry heat exchanger smfaces: 
q = qalr,dry + qair,wet 
while the energy balance on the dry section of the evaporator yields the enthalpy at the 
boundary: 
q' . dry = ril . (h. . - h . L __ d._) 
1lI'. alI' Ilr.m m,UUUD_.,1 
(3.37) 
(3.38) 
The next three equations calculate the heat transfer for the dry air section, wet air 
section and the refrigerant side of the evaporator respectively using enthalpy and temperature 
potentials. The heat transfer fro the dry section is calculated using equation 3.39 which 
replaces equations 3.16 and 3.17. Since the enthalpy and temperature potential models are 
equivalent for the dry section the model uses only the enthalpy potential to keep the model 
consistent with the wet section. 
(3,39) 
For the wet section of the evaporator the heat transfer is calculated using equation 3.40 
which replaces 3.18 and 3.19 of the ASHRAE model. 
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(3.40) 
Equations 3.18b, 3.20 along with parts of equations 3.17 and 3.17 are incorporated 
into equation3.14 which is used to determine the surface temperature on the air side. Notice 
that a dependence on the inlet refrigerant quality has been added to the refrigerant resistance 
which has allowed slightly better correlation of the experimental heat transfer data. 
T ...... +T ..... T .ua .,m .na 0, (Ilt 
• audacc,air 2 
q= b 
xo2 mO•s 
ref.,in ref. 
(3.41) 
Equation 3.42 states the geometty of the evaporator without presuming actual 
knowledge of the surface area of the heat exchanger. The fraction of the wet and dry sections 
must add to one. The fractions are determined by the boundary conditions. 
(3.42) 
For this simplified model one empirical equation was developed to detennine the 
boundary position. This equation states that the dry area fraction of the evaporator is 
proportional to the ratio of the humidity evaluated at the surface conditions and the inlet air 
humidity. The humidity evaluated at the surface conditions is the minimum of the inlet 
humidity ratio and the saturated humidity ratio at the surface temperature. Therefore, if the 
surface temperature is higher than the dew point of the incoming air then the fraction of the 
surface that is dry will be '1.0. Notice this function will never pick a fraction of the dry surface 
less than 0.0 or greater than 1.0. 
f dry = (w audace,air )d 
w· . Ilr,m 
(3.43) 
The reasoning behind this empirical function is that it behaves in the manner required. 
The required behavior that the function exhibits is that it will choose an all dry surface as long 
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as the surface temperature is above the dew point and an all wet surface if the surface 
temperature is much less than the inlet air dew point Unfortunately this simplistic function 
will never pick an all wet surface. On reason that this function may work so well is that the 
evaporator may never actually have an all wet surface. Figure 3.6 below shows the behavior 
of this function with a value for d of 1.2538 which was obtained from the parameter search. 
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Figure 3.6, Fraction of the Dry Surface vs. Ratio of Humidity Ratios. 
In summery the following coefficients were developed for the evaporator studied in 
ACRC project 9. 
b = 6.8272 10-3 
cdry = 17.4618 10-2 
Cwet = 14.2348 10-2 
d = 1.2538 
el = 0.8186 
e2 = 0.9398 
lb. OF (lb. )0.8 
Btu hr 
C!J1 
(~)el 
Ibm 
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Figure 3.7 below shows the model correlation verses the measured data for the simplified 
enthalpy potential model. 
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Figure 3.7, Simplified Enthalpy Potential Model 
The advantages of the simplified enthalpy potential model are accuracy and generality. 
In addition this model provides insight into the surface temperature, and the fraction of surface 
that is wet. These insights may be incorporated into the mass transfer equation. The 
disadvantages of the Simplified Enthalpy Potential model are that the addition of the empirical 
equation for the fraction of the wet surface makes this model less general than the original 
ASHRAE model and this model requires separate mass transfer equations. 
Nomenclature: 
f - Fraction of the evaporator area . h - Enthalpy 
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m -Mass Flow Rate 
T - Temperature 
x - Refrigerant Quality 
q -Heat Transfer 
w - Humidity Ratio 
3.3.4. Latent Heat Transfer Coefficient model. 
The heat transfer model presented by Oskarsson [7,8] is based upon the resistor 
analogy. In this model the air side heat transfer coefficient is modified by adding an additional 
latent heat transfer coefficient The latent heat transfer coefficient presented accounts for the 
latent heat transfer only and does not include an increased sensible heat transfer coefficient due 
to the turbulence associated with the wetted surface. The latent heat transfer coefficient model 
of Oskarsson [7,8] was presented as equations 3.28 through 3.36. The modifications to those 
equations and the coefficients are presented below. 
Equation 3.44 below is a simplified version of equation 3.28. It has been simplified by 
dropping off the resistances for the fouling factors and the frost layer and by replacing the 
refrigerant resistance with the simplified resistance equations of the Siambekos [9] model. 
Tair -T-z. q = -----:-1 -=--= .... .:....-~b-
----+ a + 7iiT 
hair + hlatcnt m.-d. 
(3.44) 
The coefficient "d" has been added to equation 3.33 to produce equation 3.45. The 
coefficient "d" may repres~nt the added heat transfer due to the turbulence associated with the 
wetted surface and was required to correlate the data. 
h = d hdry,air . iw . C 
latent Le 
'c Pdl7.oIr 
(3.45) 
Only a correlation for the j factor remains to· be determined. Oskarsson indicates that 
the functional form for the j factor for the coil in his study is: 
j = (e· Reair)f + g (3.46) 
Where Rem is the Reynolds number. Rem and viscosity are approximated by the 
following equations: 
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Re. = cfmair 
au Viscosity 
Viscosity = 0.0001265 + 5.0 X 10-7 X T air + 4.15 X 10-10 X T!r 
Where the following three parameters are defined: 
Pr = 0.71 iw = 1061 Btu 
Ibm 
Le = 0.95 
and the coefficients for these equations were developed to correlate the experimental data. 
a = 4.30604 10-4 
b = 6.65944 10-2 
d = 2.6150 
e = 8.45931 10-7 
f = 3.13675 
g = 2.28822 
hr°F 
Btu 
lb OF (lb. )0.8 
Btu hr 
(3.47) 
(3.48) 
The two advantages of this model are that it is general and there is a physical basis for 
all of the coefficients. This model could easily be adapted to include fouling factors on both the 
air and refrigerant side. Another advantage of this model is that mass transfer may be obtained 
easily from the additional heat transfer coefficient Despite these advantages it is very difficult 
to determine the model coefficients. The nonlinearities of the model typically cause the 
optimization routines to diverge unless extremely accurate initial guesses are used. The results 
of this model are presented below in figure 3.8. 
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Figure 3.8, Latent Heat Transfer Coefficient Model. 
Nomenclature: 
Cp - Specific Heat 
iw - Heat of Condensation for water 
m -Mass Flow Rate 
q -Heat Transfer 
3 • 4 • Final Model Selection 
3.4.1. Heat Transfer Model Selection 
h - Heat Transfer Coefficient 
Le - Lewis Number 
Pr - Prantdl 
T - Temperature 
20000 
Only four of the many simplified evaporator models that account for a partially wet 
evaporator are presented in this chapter. Some of the other models include an all wet or all dry 
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assumption, effectiveness-NTU approach and a simplified temperature potential model. In 
addition, there are some complex models that may model the evaporator more accurately but 
would require excessive computational time. The models presented in this chapter are models 
that provide both the necessary accuracy and can be solved easily enough to be used in a 
transient system simulation. 
The heat transfer model chosen for the remainder of this work is the Simplified 
Enthalpy potential model. This model was chosen because: 
1) it was the most accurate of the models developed 
2) it was relatively simple to determine the coefficients from experimental data 
3) the model gives useful information about the surface temperature and fractions of the 
evaporator that are wet and dry 
4) the model is easily solved using a Newton Raphson equation solver. 
3.4.2. Refri~rant Pressure Drop Model 
Siambekos [9] developed an accurate pressure drop equation for this evaporator study 
in his thesis as an earlier part of this project. This pressure drop equation is given below: 
( b) ril2 P . - P = a + ICf. ICf.,1D ICf.,lII1t volc P 
mf.,avg ICf.,avg 
(3.49) 
Where vol. is the average volumetric flow rate and the following coefficients were 
determined from the experimental data: 
hr2 
a = 1.3843 10-5 psi 3 
lb-ft 
b = 9.7207 10-4 psi - 3 (fe)c hr2 
hr lb-ft 
c = 0.55 
This model produces reasonably accurate results for the pressure drop and is easily 
used in a system simulation. The coefficients of this model are easily determined by successive 
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use of the least squares routine provided in Appendix. B and discussed in chapter 6. FigUre 3.9 
below shows the pressure drop correlation of this model. 
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Figure 3.9, Refrigerant Pressure Drop Model Comparisons. 
3.4.3. Mass Transfer Model 
5 6 
An accurate mass transfer model is crucial to determining the evaporator outlet 
temperature. Two possible solutions to the mass transfer modeling problem exist The first is 
to develop a more accurate mass transfer model using some of the added information obtained 
from the new heat transfer model The second solution technique may be obtained from the 
ORNL [6] model. The ORNL model solves for the exit air temperature directly and then uses 
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the temperature and enthalpy to solve for the exit humidity ratio. The differential equation in 
the ORNL model is solved with an infinite series, which is impractical for a transient study. 
For this evaporator study an improved mass transfer model which provided more accurate 
results was developed. 
The basic equation form is the same as the Siambekos [9] model presented in equation 
3.8 where the mass transfer potential is the difference between the average air humidity ratio 
and the humidity ratio evaluated at the surface conditions. One difference in the improved 
model is the mass transfer potential is now only the difference of the inlet humidity ratio and 
the humidity ratio evaluated at the surface conditions. In addition the new equation is 
multiplied by the fraction of the surface that is wet since mass transfer will only occur in the 
wet fraction of the evaporator. These improvements have removed the inherent instability of 
the Siambekos [9] model where the small mass transfer coefficient was the difference of two 
large numbers. The equation for the improved mass transfer model is: 
Where: 
wair.in - wair.out = (wair,in - W air,surface)(I- f dry )(a + b· mair ) 
a= 0.91734 
b = 6.9665 10-4 ~ 
lbair 
and the model correlation is presented below in figure 3.10. 
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Figure 3.9, Change in Humidity Ratio Model correlation. 
3.5. Verification of the Steady State Model 
As a test of the individual models for heat transfer, pressure drop and mass transfer, 
they were compiled into one complete evaporator simulation model The complete simulation 
model is included in Appendix C. The evaporator outlet conditions resulting from this model 
are shown below compared to the experimental conditions. It is clear that the complete 
evaporator simulation model agrees very closely with the experimental values. 
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4. TRANSIENT EVAPORATOR MODEL 
4.1. Introduction 
The major objective of this study is to develop an accurate and f~t transient evaporator 
model for use in the mobile air conditioning industry. As in the steady state model the transient 
model should be simple enough that it can be easily reproduced for other air conditioning 
systems. Additionally, the model should be based upon the steady state model so that the 
results will converge to the steady state values for steady state conditions. 
4. 2 • Model Selection 
Two of the possible transient evaporator models are a fundamental model that accounts 
for conservation of mass, momentum and energy and an empirical model that uses an 
exponential approach from one steady state condition to another. 
The fundamental model can be solved using a variety of numerical integrators such as 
Runge-Kutta. This type of model requires that fundamental information be obtained from the 
experiment that is beyond the data taken in this study. Fundamental data that was not obtained 
includes: mass of refrigerant in the evaporator, mass of water on the evaporator surface, 
momentum of the refrigerant and the air in the evaporator and internal energy within the 
evaporator. A much more complicated experimental apparatus would be required to obtain this 
information. For this reason an empirical model was developed in this project· 
An advantage of the empirical model is that each of the component models will remain 
independent of the other component models in the system. Independence of the various 
component models virtually guarantees that the computational time of the transient heat transfer 
model will be as fast as the computational time of the steady state model. 
The three transients that are important m the evaporator model are the transient heat 
transfer, transient mass transfer and the transient refrigerant pressure drop. 
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4.2.1. Transient Pressure Dro,p 
Since the pressure equilibrates very quickly after a change in operating conditions, the 
transient pressure drop model is a quasi-steady state model. The transient pressure drop is 
therefore simply the pressure drop calculated by the steady state model at each time step as 
given by equation 4.1. Examples of the performance of the quasi-steady state pressure drop 
model are given below in figures 4.1 through 4.3 . 
(P M.,in - P M.,CIIlt)transiem = (P M.,in - P M.,out)ltcady-ltale (4.1) 
From the figures it is clear that the model is accurate enough to determine the refrigerant 
outlet conditions of the evaporator. 
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Figure 4.1, Refrigerant Pressure Drop vs. Time for a Change in Condenser Air Flow Rate of 
500 to 1200 cfm. 
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4.2.2. Transient Heat Transfer 
The transient heat transfer model consists of an empirical model that assumes the heat 
transfer behaves as a fIrst order response to the input forcing function. This model uses the 
difference between the steady state predictions and the current value of the heat transfer as the 
forcing function. The heat transfer moves from the current condition toward the steady state 
condition with a first order response. The resulting model is similar to a series of step inputs 
and an exponential response to those inputs. In essence the model is approximating a possibly 
complicated second order or greater order response by a series of fIrst order responses. 
Figure 4.4 below shows a sample data set with the measured heat transfer and the 
steady state response to further explain the model which is presented below. 
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Figure 4.4, Example of the Steady State Response and the Measured Response vs. Time. 
It is apparent from fIgure 4.4 that the steady state response to changes in the evaporator 
input variables is much faster than the measured response. For the data points represented in 
fIgure 4.4 the steady state response to the input variables starts 4 seconds before the measured 
response starts. In addition, the steady state response moves to the next steady state condition 
at a much faster rate than the measured response. Therefore transient model must incorporate 
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both the time lag and first order damping of the steady state response to provide an accurate 
model for the measured heat transfer. The fundamental equation for the heat transfer model is 
given as equation 4.2 below. 
(4.2) 
Recall that the heat transfer in the steady state model developed in chapter 3 of this 
study was the sum of the heat transfer in the wet section and the dry section of the evaporator. 
In the study of the transient heat transfer it was found that the time lag and the time constant for 
the two evaporator sections were different The wet section of the evaporator had a larger time 
constant than the dry section. The difference may be explained by the mass and resistance of 
the water droplets or ftlm on the surface of the wet section. In addition, the fIrst order damping 
was found to be a function of both the refrigerant conditions and the air side conditions. These 
combined effects were added to equation 4.2 to create equations 4.3 through 4.5. 
q=qwet+qdry (4.3) 
qwet,t =qwet,t-t + (qwet,t-tlag_ -qwet.t_t)(I;...exp(, ~l1t ))(I-exp('t -.1.t )) (4.4) 
wet,t-tlag_ tcf.,t-tlagnt. 
qdry,t = qdry,t-t + (qdry,t-tlagclly - qdry,t-t )(1- exp('t -.1.t ))(1- exp('t -.1.t )) (4.5) 
dry,t-tlagclly tcf.,t-tlag",. 
To gain some insight into the makeup of the time constant the time constant for the 
response of a lumped capacitance to a connective heat transfer boundary condition was 
considered. The time constant 't for such a system is: 
_[m.c] 
't- --
hA 
(4.6) 
Where "m" is the mass of the element, "c" is the specifIc heat of the block and "hA" is 
the overall conductance to the boundary temperature. This form for the time constant has been 
used to develop a correlation for the time constant in equations 4.3 through 4.5. The results 
are given below. The hA values are the inverse of the steady state resistance to heat transfer. 
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The refrigerant side time constant is given as: 
't = [Cm .. 3600] 
m. hA 
m. 
(4.7) 
(4.8) 
The time constant for the dry section of the air side is: 
(4.9) 
O 24 . 0.8186 
hA =-·-f =0.24.f mair 
dry Rdry dry dry 17.4618· 10-2 (4.10) 
The time constant for the wet section of the air side is: 
(4.11) 
O 24 ·0.8186 
hA =-·-f =024.f mair 
wet Rwet wet • wet 14.2348.10-2 
(4.12) 
The values of Cref .• Cdry and Cwet were found using the Marquardt parameter search 
routine discussed in chapter 6. These values are as follows: 
Cref. = 1.80709 
Cdry = 0.21751 
Cwet = 0.57276 
The value of 3600 is a necessary conversion factor from hours to seconds. Note the 
value ofhAref. ranges from 2000 to 5500 Btu/hr_oF and the values ofhAwetand hAdry range 
from 150 to 600 Btu/hr-°F. 
Finally it is necessary to develop a correlation for the time lag that was incorporated into 
these models. The time lag for the dry section of the evaporator was found to be zero in every 
case. However the time lag for the wet section and refrigerant side resistance were found to 
vary considerably. Fortunately the time lag for the wet section and the refrigerant side 
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resistance were always equal. Therefore only one time lag is incorporated into the model. 
Equations 4.4 and 4.5 were simplified to equations 4.13 and 4.14 below. 
qwet.t = qwet.t-l + (qwet,t-Ilag -qwet,t_l)(I-exp( -At ))(I-exp( -At)) (4.13) 
'twet,t-Ilag 'tn:r.,t-Ilag 
In these equations there is only one time lag to correlate. Table 4.1 below tabulates the 
time lag for different system transients. 
Compressor Condenser Evaporator Evaporator Time Lag 
RPM AirCFM AirCFM Air Inlet seconds 
Temperature 
2500-4000 900 165 90 0 
4000-1000 900 165 90 4 
1000-4000 900 165 90 4 
4000-2500 900 165 90 0 
2500-1000 900 165 90 4 
1000-2500 900 165 90 6 
2500 900-1200 165 90 4 
2500 1200-500 165 90 14 
2500 500-1200 165 90 20 
2500 1200-900 165 90 10 
2500 900-500 165 90 12 
2500 500-900 165 90 14 
2500 900 165-240 90 0 
2500 900 240-90 90 0 
2500 900 90-240 90 0 
2500 900 240-165 90 0 
2500 900 165-90 90 0 
2500 900 90-165 90 0 
2500 900 165 90-105 0 
2500 900 165 105-75 0 
Table 4.1, Time lag for various system transients. 
No general correlation has been found for the time lag presented in table 4.1. At this 
point the time lag is being considered an experimental phenomenon that must be investigated in 
future studies. Care was taken to make sure there was no ice buildup on the evaporator. There 
are at least two other possibilities that may explain the phenomenon. 
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The first explanation stems from the assumption that the evaporator inlet refrigerant 
enthalpy is equal to the condenser outlet enthalpy. This is the standard steady state 
assumption. A problem may exist because there is storage in the line between the condenser 
and evaporator. The refrigerant line in question has a volume of approximately 8 cubic inches 
or 5% of the entire system volume. The concept of storage in the refrigerant line is consistent 
with the time lags shown in table 4.1. A change in the condenser air flow rate will drastically 
change the condenser refrigerant outlet pressure and temperature. Therefore, a significant 
amount of energy will be stored in the liquid refrigerant before the expansion valve. Changes 
in the evaporator however, do not necessarily affect the energy storage in the refrigerant lines. 
Actually it would be several seconds before the refrigerant affected by a change in the 
evaporator would work its way around to the refrigerant line at the condenser outlet. 
The other possible explanation for the various time lags for different system transients 
is that some of the instrumentation has a slow response. If it is an instrumentation problem 
then the two most likely instruments are the dew point sensor at the outlet air stream of the 
evaporator and the temperature probe used to determine the density of the refrigerant at the 
turbine flow meter. The dew point sensor is six feet away from the evaporator outlet and has a 
complicated air sampling mechanism which may cause a delay of a few seconds in the outlet 
humidity measurement. However, if the dew point sensor was the faulty instrument then the 
time lag would seem to be a function of the evaporator air flow rate which it is not. 
The temperature probe which is used to determine refrigerant density at the turbine flow 
meter has a time delay when compared to the turbine flow meter. This temperature probe is 
situated about half way between the condenser outlet and the expansion valve. The different 
response of these two instruments is shown in figure 4.5 below. The lag in the temperature 
measurement at the turbine meter also supports the idea that the time lag is caused by storage in 
the refrigerant line between the condenser and the evaporator. 
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refrigerant line and the time lag in the evaporator model should become zero. The transient heat 
transfer model developed in this study models the transient data very well. Some of the results 
of this heat transfer model are presented in figures 4.6 and 4.7 below. 
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Figure 4.5, Turbine Meter Flow Rate and Turbine Meter Temperature vs. Time . 
13000 
12000 
:g 
a 
e. 
............ ··· .. ····t· ................ :·ic·fuli· .. X·Il·· ..... t ... ::·::·:·:T:·f,,11"':!':1I' 
: : ,:0000 ooOtoOooo 00 
! x! ,s: ! 00 
u ... u ••••••••••••••• l .. u ••••••• uu •••••• 1 .. _ ............ ~.~ ...... 1 ............................ 1 ...................... . 
I x I: 8 I I 
1 10 ' 1 1 
.!! 11000 I! 
~ 
liI 
:l! 
10000 
.................... ·t ...................... +·! .................... t ...................... t .................... . 
1 °t 0 ~Heat~ransfer 
! • ! • Modeled Heat Transfer 1'::::1 · ---
! 0: . . 
9000 
OogOooo!Boo.! : : 
· .... ··r··-T-r-r--
8000+-~~~-+~~~--r-~~~~~~~-+~~~~+ 
o 20 40 60 80 100 
Tune (sec.) 
Figure 4.6, Modeled and Measured Transient Heat Transfer vs. Time for a Change in 
Compressor Speed of 1000 - 4000. 
45 
J 
e. 
1 
E!:: 
~ 
14500 
14000 
13500 
13000 
" . 
. . 
! 
..................... t" .............. ~,;J ............... ······l····················-t-···················· 
: ",- ra.qp: _ : 
, " :. 0' _ _, 
: : Xx. ¥ 0 eel 0 0 °0 'tP : 
: : "lit ,Jt. 0 -'" GoD' ... ·····················r······~············r::~~·";~r· ~r~·Sii,.:~ 
! !. 0 i ! 
···················t···~;···············~··~~········· ....... 1" .................... "1" ................... . 
i + 0 0 Measured Heat Transfer 
·····················i ... '··················+···········.... • Steady State Respclnc:c •.• 
IL tP :0 tP , 0 • Modeled Heat Transfer 
cd\ooyo- 0, .0 ., 
" .... ..J ~o i" 
.... 'w-"", i". • + ~.. i ~ i , , 
1 2500 ···············IC····T~····· .. ··········.·9r······················r-·····················T····················· 
, ~ ~i i i 
! ·0 i ! i 
.... : a'rPl': : : 
x ~ ... 1 l l 
1 2000 +--'--'--'-4--'---'--'--+-...L--'--'---l--'---'---'--+--'-...L-~ 
o 40 80 120 160 200 
Time (sec) 
Figure 4.7, Modeled and Measured Transient Heat Transfer vs. Time for a Change in 
Condenser Air Flow Rate of 500 - 1200. 
4.2.3. Transient Mass Transfer 
The mass transient transfer model developed in this experiment makes use of 
information gained from the heat transfer model. The model simply multiplies the steady state 
predictions of the mass transfer by the ratio of the transient and steady state heat transfers of the 
wet section of the evaporator. The mass transfer model is presented below as equation 4.15. 
( ) _ qwet.uansient ( ) w·· -w· - w·· -w. 
aU' ,m au ,out uansient au ,m au,out steady-state q wet,steady-state 
(4.15) 
Results of this model are shown in figures 4.8 through 4.10. In these figures the mass 
transfer has been transformed into the latent heat transfer by the following equation. 
(4.16) 
Transformation to the latent heat transfer was done to allow the mass transfer to be 
compared on the same scale as the heat transfer. 
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Figure 4.9 , Modeled and Measured Heat and Mass Transfer vs. Time for a Change in 
Evaporator Air Flow Rate of 240-165 CFM. 
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Figure 4.10, Modeled and Measured Heat and Mass Transfer vs. Time for a Change in 
Evaporator Air Flow Rate of 90-240 CFM. 
4.3. Transient Summary 
For this study an empirical model was developed for the transient evaporator model. A 
quasi steady state model was used to determine the transient pressure drop which provided 
accurate results. The pressure drop model is given as equation 4.1. The transient heat transfer 
model uses an exponential approach to a quasi steady state model with a time lag. This model 
is similar to approximating a complicated system response with a series of fIrst order responses 
to the evaporator inputs. This model is presented again below with the coeffIcients added into 
the equations for clarity. 
(4.3) 
qwet,t = qwet,t-l + (qwet,t-tlag - q wet,t-l)(l- exp(t -~t ))(1- exp(t -~t )) 
wet,t-tlag ref_,t-tlag 
(4.13) 
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(4.14) 
The refrigerant side time constant is given as: 
[ 1.80709·3600 ] 
'tref. = XO.9398rh°.8 /6.8272 .10-3 
ref. ref. (4.17) 
The time constant for the dry section of the air side is: 
[ 0.21751·3600 ] 
'tdry = 0.24. f dry • rh~186 /17 .4618.10-2 (4.18) 
The time constant for the wet section of the air side is: 
[ 0.57276·3600 ] 
'twet = 0.24· f wet • rh~:186 /14.2348.10-2 (4.19) 
The mass transfer model is an empirical model that states the mass transfer is equal to 
the steady state mass transfer multiplied by the ratio of the transient and steady state heat 
transfers for the wet section of the evaporator. The equations that describe this model are given 
as equations 4.15 and 4.16. 
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s. EXPERIMENTAL PROCEDURE 
5.1. Introduction 
One of the goals of this thesis is to describe in detail a procedure for obtaining the 
automotive air-conditioning models developed in this project. This goal seems to be unique 
amongst the various papers describing evaporator and heat pump models. In this chapter, the 
experimental procedure used to obtain data for developing models and a sample of experimental 
results are provided. 
5 . 2 . Facilities Outline 
For a complete outline of the experimental facility see the masters theses by Darr [29], 
Siambekos [9], Kempiak [30], or Michael [28]. Only a short overview of the facility along 
with details of the new additions to the experimental facility will be discussed here. Figure 5.1 
shows a schematic of the experimental facility. There are two air loops and one refrigerant 
loop in the system. 
The condenser air loop consists of a blower, air flow measuring device, two 
temperature grids and a humidity measurement. The air is assumed to have a constant humidity 
throughout the condenser loop. The humidity is measured using the wet and dry bulb 
temperatures. The air temperatures are measured using two grids of type T thermocouples that 
are connected in parallel, to provide the area average temperatures (see Mechanical 
Measurements by Beckwith, Buck and Marangoni [24]). The parallel connection of 
thermocouples replaced the series connection that was originally used on this project. This 
change was made because the series connection produced measurement errors and there were 
disagreements in the available literature on how thermocouples connected in series performed. 
Some texts indicated that the series connection of the thermocouples allowed amplification of a 
point measurement to get better resolution while other texts suggested that the series connection 
would provide an average temperature measurement over a number of point. A discovery of 
this project is that the series connection of thermocouples does not provide an accurate average 
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temperature measurement This inaccuracy is likely due to the nonlinear nature of 
thermocouples. 
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Figure 5.1, Experimental Schematic. 
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The pitot tube array that was used to measure the air flow rate through the condenser 
loop was replaced by ASHRAE standard 41.2 [31] air flow nozzles. These nozzles produced a 
higher pressure drop which lowered the uncertainty in the pressure measurement as well as 
providing an overall flow measurement instead of point measurements of the pitot tube array. 
The air pressure drop across the condenser was not measured. 
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The evaporator air loop consists of a blower, an air heater, a humidifier, two air 
temperature grids, an air flow measuring device, a dew point sensor and two relative humidity 
probes. The new 57fJJ watt heater is controlled by an Omega SCR70 series power controller 
and an Omega CN2000 series programmable temperature controller. The new 1400 watt 
humidifier is an Autoflow furnace humidifier. Both of the humidity probes have been placed 
so they measure the inlet humidity. The reason for the redundant measurement is the relative 
humidity probes· become inaccurate when used at very low relative humidity levels, such as the 
humidity levels obtained when recirculating the air flow to test a dry coil. The air flow rate 
measurement and the air temperature grids have been updated in the same way as was done on 
the condenser. The outlet humidity is measured by a General Eastern Hygro-M2 Optical Dew 
point sensor. The air pressure drop across the. evaporator was not measured. 
An effort was made to keep the refrigerant loop of the system as near to that of the 
actual automotive NC system as possible. Four of the basic components of the system remain 
unmodified and function as they would in a car. These components are the compressor, 
condenser, evaporator, and accumulator. The orifice that was originally in the refrigerant loop 
has been replaced by an expansion valve. This change was made to make up for the additional 
pressure losses due to the instrumentation and, to allow the system to reach steady state 
conditions. Each of the components has a pressure transducer and a thennocouple probe 
before and after the comp<;>nent. In addition, there are two refrigerant flow meters and a sight 
glass in the refrigerant loop. The new refrigerant flow meter is a small orifice venturi flow 
meter attached to the suction line of the compressor. A Setra 228-1 pressure transducer is used 
to detennine the pressure drop. This new meter was calibrated using the turbine flow meter as 
a reference. It allows us to make measurements of refrigerant migration during transients. 
5.3. Uncertainty Analysis 
An uncertainty analysis was done using the method described in Beckwith, Buck and 
Maragoni [24]. This uncertainty analysis was done on the condenser because the two phase 
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evaporator refrigerant conditions could not be measured. The equation that was used for 
determining the experimental uncertainty is: 
U = ~(OF X Uk)2 
F LJ oK F 
Where U is the uncertainty, F is the overall measurement and K is the individual measurement 
For the condenser, the uncertainty of the individual instruments is given in table 5.1 below. 
Instrument Uncertainty Range 
Ref. Thennocouple m eF) 1 140-240 
Ref. Thennocouple out eF) 1 100-140 
Ref. Pressure in (psi) 4.15 180-310 
Ref. 11 Pressure (psi) 0.5 0-10 
Turbine Flow Meter (lbm/hr) 0.72% 150-450 
% Oil in Circulanon 1.0% ? 
Air Thennocouple in eF) 1 70-90 
Air Thennocouple In ("F) 1 90-130 
Air Flow Measurement 11 Pressure (in. H2O) 0.0575 2-5 
Atmospheric Pressure (m. Hg) 0.01 
WetBulbTem eeF) 0.5 
Dry Bulb Temperature eF) 0.5 
Table 5.1, Uncertainty of the Individual Instruments 
An overall uncertainty was developed numerically for each of 36 data points that were 
taken early in the experiment These uncertainties are shown below in figure 5.2. Note that 
the air side measurements of the change in the temperature and the air flow rate had the largest 
uncertainty. This uncertainty analysis divulges information about the uncertainty in 
measurements as they pertain to random errors not systematic errors. 
The condenser energy balance for the data used to develop the final models in this study 
was within 8%. It was determined using the following relation. 
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It is assumed that the uncertainty results for the evaporator would be similar to those 
found on the condenser because the instrumentation is nearly identical. The only difference in 
the instrumentation is the air humidity sensors. 
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Figure 5.2, Experimental Uncertainty Analysis. 
5 .4. Experimental Procedure 
The general procedure was to develop the steady state models using steady state data 
and then to develop the coefficients for transient models using transient data and the steady 
state models. This procedure produces models that will automatically converge to the steady 
state values when steady state inputs are given. 
5.4.1. Steady State 
Six input variables could be controlled or manipulated in the experimental system. 
These independent variables are as follows: 
1) Compressor RPM was controlled by the use of an electric motor and an inverter. 
2) Condenser air flow was controlled by the use of an electric blower and an inverter. 
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3) Evaporator air flow was controlled by the use of dampers. 
4) Evaporator humidity levels were controlled by either recirculating the air loop or 
running one pass conditions and the humidifier. 
5) The inlet condenser air temperature was controlled by the recirculation rate. 
6) The inlet evaporator air temperature was controlled by an electric heater. 
The first four input variables were tested using an exhaustive search of all the 
possibilities, 126 points, and the final two variables were allowed to change within the matrix. 
These final two points were varied in such a way that the contribution of each to the overall 
model discernible. Note that if an exhaustive search was done using all six of the variables 
there would have been 756 data points. 
The following steady state experimental procedure was developed for this apparatus: 
1) turn on the power for the equipment and the computer. 
2) Zero the seven differential pressure transducers. Note that the zero for the 
differential pressure transducers used in this project drifted noticeably from one day 
to the next 
3) Check the temperature and pressure agreement to determine that all of the 
instruments were working correctly. 
4) Start the system by turning on the blowers, compressor and humidifier. 
5) Allow system to get to steady state. A minimum of 15 minutes were required to 
allow the system to reach steady state conditions. 
6) Take wet bulb and dry bulb temperatures and atmospheric pressure. 
7) Label new data file on computer. 
8) Take data for over 1 minute. The steady state data was averaged over a one minute 
time span. 
9) Reset inputs and loop to step five. 
Data obtained from this procedure was run through the data analysis program included 
in thesis of VanderZee [26]. Note that this program uses the NIST, National Institute of 
Standards and Technology, refrigerant property routines using the Modified Benedict-Webb-
Rubin equations of state. 
5.4.2. Transient 
The transient test procedure is identical to the steady state procedure except the data is 
taken for five minutes from the start of a transient instead of for one minute once the system 
has reached steady state. In addition, the analysis program is identical except that it does not 
average any of the data points. 
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5.5. Experimental Results 
For the next few pages a sample of the experimental results will be presented. The raw 
data for the evaporator is included in appendix A of this thesis. 
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Figure 5.3, Steady State Evaporator Capacity and COP vs. Compressor RPM. 
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• Compressor Speed o Evaporator Air Temperature 
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Figure 5.8, Evaporator Air Temperature vs. Time for a Change in Compressor Speed. 
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6. PARAMETER ESTIMATION PROCEDURE 
6.1. Introduction 
Previously in this thesis semitheoretical evaporator models were presented that require a 
number of parameters to be estimated from experimental data. The purpose of these models is 
to provide an accurate evaporator model for use in a complete automotive air conditioning 
system simulation. The evaporator model must be easily obtained from a small number of data 
points to be useful. A short discussion that develops some ideas about a minimum number of 
points as a data set is given within this chapter as well as descriptions of the programs used to 
determine the parameters for the evaporator models from experimental data. 
6.2. Selection of Experimental Conditions 
The original data matrix for the steady state models included 126 data points as 
described in Chapter 5 - Experimental Procedure. Some of the original data points in this data 
matrix were impossible to obtain because of either excessive temperature or pressure at the 
compressor outlet, or ice fonnation on the evaporator. Due to these problems a smaller set of 
88 points was used to develop the evaporator models presented in this thesis. One of the goals 
of the project was to attempt to find the minimum data set that could be used to develop the 
same accurate model obtained with the larger data set 
Mathematically there must be at least one data point for each parameter in the most 
complicated model. The most complicated model for the evaporator is the heat transfer model 
with 6 parameters. Therefore a minimum of 6 data points is required just to differentiate those 
coefficients, however such a small data set would surely neglect some of the more important 
effects of the system. Another approach that has been investigated is the "Design of 
Experiments" approach to detennining the size of a data set "Design of Experiments" however 
seams to deal with how many data points are necessary to fully know a system that is presently 
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completely unknown. This approach employs exhaustive amounts of data and does not take 
advantage of any foreknowledge about the system that the physics of the process may provide. 
A compromise is needed between the minimum set of 6 points and the exhaustive set 
required by a "Design of Experiments" approach. Finding a good compromise is an ideal use 
for a working system model. The working system model can be used to determine which input 
parameters most affect the coefficients by performing a sensitivity analysis. In this experiment 
the extensive raw data set was used instead of a sensitivity analysis. Through examination of 
the model and the effects of the data set on model parameters it became apparent that the three 
most significant variables for the evaporator model were the air flow rate, refrigerant flow rate, 
and the inlet humidity ratio. Therefore a data matrix of these three inputs was developed which 
included three air flows, two inlet air humidities, and three compressor speeds. The other three 
independent variables, condenser air flow rate, evaporator air inlet temperature, and condenser 
air inlet temperature were chosen in such a way that there was some variety. Just as in the 
larger data set some of the data points in this matrix were eliminated due to the pressure and 
temperature limitations on the evaporator and the compressor. The final minimum data set 
included 13 points which are given in table 6.1. 
I AirFlow II Ref. Flow II Air Humidity Ratio in I 
601.15 157.80 0.0012230 
553.87 142.54 0.0013381 
519.96 103.17 0.0034238 
768.74 140.38 0.0028526 
904.94 237.29 0.0033005 
116208 198.59 0.0036363 
442055 163.45 0.010600 
466.5 249.62 0.012133 
695.35 142.46 0.0099048 
904.40 343.95 0.0089356 
863.51 308.02 0.0081015 
1122.6 196.49 0.0098656 
1154.6 306.48 0.0094865 
Table 6.1, Main variables in data matrix for minimum data set. 
64 
Table 6.2 below compares the coefficients obtained from the full data set and the 
minimum data set and figure 6.1 shows how the different coefficients compare in calculating 
the heat transfer. 
coefficient full set minimum set % Change 
b 6.8272 10-3 7.2303 10-3 5.9 
Cdrv 17.4618 10-2 17.6620 10-2 1.1 
Cwet 14.2348 10-2 13.9307 10-2 2.1 
d 1.2538 1.2545 0.06 
el 0.8186 0.8220 0.4 
e2 0.9221 0.8858 3.9 
Table 6.2, coefficient changes for minimum data set 
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Figure 6.1, Evaporator heat transfer using coefficients developed from minimum data set 
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Useful information can be obtained from the magnitudes of the changes of some of the 
coefficients that did not result in significant changes in the overall results. It is likely that the 
large change in coefficients "b" and "e2" indicate that the model is not sensitive to changes in 
these values. The coefficients "b" and "e2" are both part of the refrigerant side resistance 
equation. The fact that the refrigerant side resistance is less than 20% of the overall resistance 
to heat transfer confums this assumption. 
6.3. Developing Parameters from Experimental Data 
For the remainder of this chapter a presentation of the four basic equation solving and 
parameter search routines used in this project is given. The information is provided here to 
explain how the models were developed in enough detail that someone could easily develop the 
required parameters for their own heat exchangers. However, this chapter is not written as 
authoritative instruction on the theory and practice of the various solution techniques presented. 
The routines include in this section are a Multivariable Newton Raphson equation solver, a 
Least Squares parameter search routine, a Non-Linear Least Squares parameter search routine 
and a Marquardt parameter search routine. Examples of these programs are included in 
Appendix B 3&'ld Appendix C. These programs are more general than the programs developed 
previously by other students on this project and can-easily be adapted and used to develop other 
models and parameters. 
6.3.1. Newton Raphson 
The Newton Raphson Equation solver in Appendix C is used to solve the model 
equations and is used in the Marquardt parameter search routine as the function to be 
minimized. 
The Newton Raphson technique makes use of the following Taylor-series expansion to 
solve for the minimum of an equation that has been set to zero. 
R(x) = R(a) + [R' (a)](x - a) 
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Where x is the point away from the known solution and a is the known solution to the 
function R. R is an equation where all the parameters are moved to one side so the solution of 
R(a) is known to be zero. The Taylor-series is then rearranged to the following form to allow 
multiple iterations to be made in seeking a solution for x. 
= x _ R(xgues') 
x ncw guess R'(x ) guess 
The Newton Raphson technique may be expanded to multiple variables and equations 
using the following steps that are outlined in Stoecker [25] on pages 124-127. 
1) Rewrite the equations so that all terms are on one side of the equality sign. 
2) Assume temporary values for the variables, denoted XltoX2toX3t, etc. 
3) Calculate the values of f}, f2, f3, etc. at the temporary values of x It, X2t, X3t, etc. 
4) Compute the partial derivatives of all functions with respect to all variables. This is done 
numerically in the program included in Appendix C. 
5) Use the Taylor-series expansions to establish a set of simultaneous equations. For example 
the Taylor-series expansion for: 
f(x},X2) = 0 
will be: 
f( ) -f( ) af(xlt ,x2t )( ) af(xlt'x2t )( ) xlt ,x2t - XI ,X2 + :\.... xlt - Xl + a x2t - x2 
UAI x2 
Where f(XI,X2) = 0 
6) Solve the set of linear simultaneous equations to detennine the change in each variable x, 
(Xlt-XI),(X2t-x2),etc. 
7) Correct the values of the x's. 
8) Test the system for convergence. Exit the solver or return to step 3 with the new values for 
the x's. 
In addition to the accurate implementation of the steps discussed above there are two 
other considerations that should be taken into account for smooth operation of the Newton 
Raphson program. The success of a multivariable Newton Raphson routine is largely 
dependent upon the initial guess used. An accurate initial guess is often the difference between 
convergence and divergence of a model. For the five unknowns of the evaporator model the 
following are the initial guesses: 
Pressure drop = 3 psi 
Heat Transfer = Refrigerant Mass Flow * (102 - Refrigerant Enthalpy in) 
Temperature of the Surface = Refrigerant Temperature in + 2 
Enthalpy of the Air at the Boundary = 15 
Air Humidity at the Outlet = 0.5 * Air Humidity at the Inlet 
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The other factor that enables easy solution to the Newton Raphson routine is scaling of 
the magnitude of the residual equations. In the evaporator simulation presented in this thesis 
there are residual equations for mass transfer, pressure drop, and heat transfer. The magnitude 
of the mass transfer equation is on the order of 0.01 so this was multiplied by 100. The 
pressure drop is on the order of 1.0 and therefore was left unmodified. The heat transfer is on 
the order of 10000 so it was devided by 100. IT each residual equation is not scaled then the 
magnitude of the mass transfer equation may appear like an acceptable error for the heat 
transfer equations. In such a circumstance a Newton Raphson routine could stop iterating but 
still have substantial errors in the prediction of the mass transfer. 
6.3.2. Linear Least SQuares 
Least Squares is a method for obtaining parameters to an equation that fits a given set of 
data to have minimum sum of the squared errors. This program solves for the multiplying 
coefficient of any number of arbitrary functions that add in a linear manner to make a model. 
Such a linear model is the refrigerant pressure drop model presented in Chapter 3. The general 
linear least squares function appears as the following: 
y = CIf l(XI,X2,X3 ... )+ C2f2(XltX2,X3 ... ) + ... Cnfn(XI,X2,X3 ... ) 
The values of CI,C2,Co are found by setting the derivatives of the sum of errors with 
respect to the coefficients equal to zero and solving the system of linear equations that results. 
The details of this procedure will not be developed further here but can be found in Adby [23] 
or Stoecker [25]. 
The Least Squares method is easily used to develop parameters for a variety of linear 
models. In the program provided in Appendix B the functional forms, fl,f2,fo• are entered into 
the lines reproduced below: 
LET y(i) = Pressure drop 
LET f(i,l)= Mass FlowA 2/Average Density 
LET f(i,2)= (Mass FlowA 2/Average Density)/Average Volume FlowA O.55 
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The advantages of the using the least squares parameter estimation program are that it 
does not require initial guesses and that it does not need to iterate to find the parameters. Each 
of the next two parameter search routines require both initial guesses and iteration to determine 
the model coefficients. 
6.3.3. Non-Linear Least SQl1areS 
As the name implies this routine allows the user to search for parameters that may not 
necessarily appear linearly in the function. Actually this program will allow the user to search 
for parameters in an entire system simulation. The non linear system is linearized at each 
iteration and then solved using an almost identical numerical procedure as the Least Squares 
routine used. One of the differences is that an entire simulation can be place into the function 
call which allows parameters for complicated functions to be developed. 
This routine works well if accmate initial guesses for the parameters are made and the 
nonlinearities in the model or simulation are kept to a minimum. A model that worked well 
with the Non-Linear Least Squares was the heat transfer model of Siambekos [9]. The 
downfall of this technique is that it often takes excessively large steps in an iteration and then 
diverges for more complicated models and simulations. 
6.3.4. Marquardt Search 
The Simplified Enthalpy Potential Model, Latent Heat Transfer Coefficient model and 
the Transient model parameters were all developed using a Marquardt search routine. The 
Marquardt Search routine allows complete flexibility in the objective function that is to be 
minimized. Unlike the least squares routines a minimum for the absolute value of the error can 
be found or the routine could even be used to minimize a combination of criteria, for example a 
minimum might be found of some unique combination of the error in heat transfer and error in 
mass transfer. 
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The Marquardt Search routine determines a search direction as a combination of the 
gradient and the Hessian of the coefficients. In the beginning, the gradient direction is 
emphasized, then, as the number of iterations increase, the Hessian becomes emphasized. 
Once the search direction is determined, the routine then marches in that direction until it finds a 
minimum. The distance routine will make successively larger steps in the search direction until 
it has bounded the minimum and then it uses interval halving to determine the minimum 
between the bounds. When this new minimum is found, the search direction is updated and a 
new minimum may be found. 
The major benefit of the Marquardt search routine is that it is quite stable even in the 
most nonlinear models. The step size in the search direction can be set to any size necessary to 
keep the routine stable. It is also relatively easy to set boundaries and limits to the search in a 
particular direction. The only problem with this solution technique is that it requires an 
excessive number of function calls for each iteration. The number of function calls to just 
determine the search direction is: 
1.5*n+0.5*n2+ 1 
where n is the number of coefficients. The number of function calls to determine the direction 
for a given number of coefficients is shown in table 6.3) 
I n coefficients I MarcI.uardt I 
funcuon calls 
1 3 
2 6 
3 10 
4 15 
5 21 
6 28 
7 36 
Table 6.3, number of coefficients verses the number of function calls for the Marquardt search. 
In spite of the large number of function calls, the Marquardt search techniques was very 
successful for identifying the model parameters. 
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Of the four programs presented above only the Newton Raphson routine is written in 
FORTRAN. The three search routines are written in True BASIC. The Marquardt search 
routine was developed in FORTRAN by Joel VanderZee [26] as part of this research project. 
A more detailed explanation of the Marquardt search routine may be found in his thesis. 
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7. APPLICATION OF MODEL TO DESIGN PROCESS 
The evaporator simulation model developed in this thesis and the other component 
simulations of this study have a number of valuable uses. In this chapter a short explanation of 
some of these uses has been given to assist the system designer in obtaining information from 
the models. The description of the value of the models developed in this study must be 
prefaced by explaining that the models were not intended to be used as a tool for developing 
specific improvements to the design of a particular component Models that are tools for 
developing specific improvements of a component are fundamental or finite difference in nature 
and generally can not be used in a real time simulation. The models developed in this study are 
all lumped parameter models where the heat transfer coefficient, fin efficiencies and the 
geometry have always been lumped together in an overall resistance values. These 
simplifications allow these models to be used in real time simulations. 
One of the most useful aspects of having a complete system model that can be run in a 
real time simulation, such as the models that have been developed in this project, is that the 
model may be used to determine how future improvements to a particular component may 
affect the overall system performance. For example, assume an improvement to the evaporator 
has been made that decreases the resistance to heat transfer on the refrigerant side by 10% 
while increasing the pressure drop by about 10% over the present evaporator .. In such a 
simplified scenario the change in system perfonnance could easily be obtained at any operating 
condition by simply adjusting the coefficients. Now assume that such a change in the 
evaporator has not been developed but the system designer is contemplating a research project 
to develop either an improved evaporator or an improved condenser. The system model can be 
used effectively to determine which change will actually improve the system performance the 
most and therefore point to which research project should be undertaken. 
The model development techniques outlined in this project may be used to develop a 
simulation breadboard. A simulation breadboard is a grouping of the models in such a way 
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that they may be readily interchanged. An example of a modeling breadboard algorithm is the 
program package HVACSIM+. In HV ACSIM+ and other similar packages each of the 
component models are a stand alone program such as the evaporator simulation program given 
in APPENDIX C. With a breadboard, each of the component models for the entire line of 
components manufactured by a particular company could be stored in computer files in the 
same way the actual components are stored on the shelf. Such a computerized simulation 
breadboard would be an immense help to the system designer. One of the goals of this study 
was to develop models and modeling techniques that would allow the user to easily produce 
accurate models of their own components for use in a system simulation or a breadboard 
application. Finally, the models developed in this study could be coupled with a fundamental 
model using a breadboard to allow the engineer optimizing a particular aspect of a component 
to account for the effects of this optimization on the entire system. 
Most likely the frrst application of the models developed on this project will be iIi the 
development of control strategies for automotive air conditioning systems. Work in this area 
will be done by another project within the ACRC of the University of illinois. The control 
strategies will frrst be attempted using the system model developed on this project and then the 
algorithms will be implemented on an experimental system. 
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8. CONCLUSIONS 
8.1. Summary 
The objectives of this study were to develop semitheoretical steady state and transient 
models of a mobile air conditioning evaporator for use in a complete system simulation. The 
complete system simulation model will be used by a variety of industrial sponsors and 
researchers in the ACRC. Therefore the evaporator models developed in this study must be 
general enough for other people to use in developing their own evaporator models. 
The steady state evaporator heat transfer model developed in this project is a 
simplification of the enthalpy potential model presented in the ASHRAE Equipment Handbook 
and correlates the measured data within approximately 5%. The pressure drop model is an 
empirical model based on the pressure drop of a single phase fluid in a pipe and correlates the 
data within approximately 10%. The mass transfer model is an empirical model that uses a 
mass transfer potential which is the difference between the humidity ratio's evaluated at the air 
inlet and the metal surface conditions. This model correlates the data within 10%. Coefficients 
for these models were obtained from experimental data using parameter search routines. The 
three models for heat and mass transfer and pressure drop were placed into a complete 
evaporator simulation model and continued to correlate the data well. 
For this study an empirical model was developed for transient evaporator correlations. 
The transient heat transfer model uses an exponential approach to the steady state predictions of 
the heat transfer response to the transient inputs. This model is similar to approximating a 
complicated system response with a series of ftrst order responses to the evaporator inputs. A 
quasi steady state model was used to determine the transient pressure drop. 
The experimental procedure and the techniques used to develop the evaporator models 
are discussed in detail to aid in future model development The programs that are discussed in 
detail in chapter 6 and given in the appendix are a Newton Raphson Equation Solver, and linear 
least squares, nonlinear least squares and Marquardt parameter search routines. 
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8.2. Recommendations 
The following recommendations are made for anyone that may wish continue this study 
into automotive air conditioning systems. These recommendations are broken into three 
categories: experimental, computational and modeling. 
The experimental equipment constructed for this project provided accurate data for 
developing the models in this project However, there are some areas that could be improved. 
The following improvements are recommended to produce more accurate data. 
I) Measure Oil Concentration. 
One of the big unknowns in the experimental data is the amount of oil that is circulating 
around the system. The oil concentration that is in circulation has been assumed to be 
3% for the analysis of the experimental data, however, it is really unknown. This 
unknown affects the mass that is measured in the turbine flow meter and it affects the 
mass that goes through a two phase heat transfer in the condenser and evaporator. The 
two possible solutions to this dilemma are to use an oil concentration meter such as the 
one developed by John Myers in the ACRC of the University of Dlinois or to use an oil 
separator after the compressor. 
If an oil concentration meter is used then the system performance can be studied with 
the effects of the oil in the system. However, this study could become very 
complicated. The effects of the oil on the turbine flow meter measurement should be 
taken into account as well as the effects of the oil on the various refrigerant properties. 
Oil affects the refrigerant properties by changing the boiling point of the two phase 
conditions especially at high qualities. In addition, some of the refrigerant will remain 
in solution with the oil even in the superheated regions of the system. This small 
amount of refrigerant does not go through a two phase change in the heat exchangers. 
Finally, Grebner [27] has developed empirical equations for detennining the two phase 
temperature of oil refrigerant mixtures that would need to be added to the models if an 
75 
accurate system model that accounts for the oil concentration was to be developed. The 
first step of adding the oil effects to the refrigerant properties has been done as part of 
this project (see the thesis by Joel VanderZee [26]). 
The second approach to solving the oil concentration problems is to eliminate them with 
an oil separator. Though this approach "is simpler than the first one it moves away from 
the goals of developing a system model based on actual operating conditions. Having 
an oil separator in the system would allow easier evaluation of the experimental data 
which in the long run may allow the experimental system to produce more accurate data 
which can be used to produce more accurate simulation models. 
2) Improve the air side measurements. 
In the uncertainty analysis it was found that two of the instruments produced the vast 
majority of the experimental uncertainty. These two instruments were the differential 
pressure transducers for the air flow measurement and the thermocouples used for the 
air temperature measurements. It is recommended that the thermocouples be replaced 
by an RID with an air mixer between the heat exchanger and the RID. An accurate 
RID will be able to measure the mixed air temperature much more accurately than the 
array of thermocouples that is presently used. As for the differential pressure 
measurement on the air side of each of the heat exchangers it is recommended that more 
nozzles be purchased so that the differential pressure always uses the full span of the 
pressure transducers. 
3) Attach thermocouples to the surface of the evaporator and condenser. This could help 
determine the heat exchanger regimes as well as the surface temperatures. 
4) Add an additional refrigerant flow meter. 
5) To obtain more theoretical based transient models more information about mass of 
refrigerant in each component and mass migration is required. This goal would require 
one more mass flow meter between the evaporator and the accumulator and it would 
require a measurement system for the mass of refrigerant in the evaporator, condenser 
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and accumulator. Most of the remaining mass in the system is in the liquid line 
between the condenser and the evaporator. 
6) A controller for the evaporator blower, evaporator humidifier and the condenser air 
temperature would help in the speedy production of quality data. 
7) Develop a method to determine the mass and energy storage in the refrigerant line 
between the condenser and the evaporator. 
Most of the original computational w~ done on this project was done in True BASIC 
on desk top Macintosh computers. During the last six months of the project, many of the 
computer programs were translated into FOR1RAN on an Apollo work station. The reduction 
in computational time was approximately a factor of 30 to 1. The conversion to FOR1RAN 
allowed more complicated and more accurate models to be developed. There are still a number 
of programs that could be translated into FOR1RAN to speed up the model development even 
further. 
The steady state and transient evaporator models produce accurate results, however 
there is some room left for improvement In the steady state evaporator, the models for the 
fraction of the dry part of the evaporator and the mass transfer models are purely empirical. 
The empirical nature of these models may make the overall evaporator model less applicable to 
some other automotive air conditioning evaporators. 
In addition, only a rudimentary study has been done on the effects of the oil on the 
evaporator model. Much more work remains to implement the effects of the oil on the 
refrigerant properties. 
Finally, a method for correlating the time lag that is in the transient heat transfer model 
needs to be developed. The transient model is an empirical model. An additional study into a 
fundamental transient evaporator model that incorporates the conservation laws may be 
desirable for the future. 
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Steady State 
Air side data. 
Atmosphere 
Pressure (psi) 
14.295 
14.302 
14.302 
14.319 
14.319 
14.319 
14.319 
14.319 
14.319 
14.319 
14.373 
14.516 
14.516 
14.516 
14.473 
14.373 
14.473 
14.473 
14.473 
14.473 
14.599 
14.599 
14.599 
14.599 
14.599 
14.285 
14.285 
14.285 
14.285 
14.285 
14.283 
14.283 
14.429 
14.285 
14.429 
14.429 
14.277 
14.429 
14.277 
14.555 
APPENDIX A - RAW DATA 
Air Flow Rate Air Inlet Air Outlet Air Inlet Air Outlet 
(lh/hr) Temperature Temperature Humidity Humidity 
eF) fF) Ratio Ratio 
802.99 107.82 39.711 0.0042323 0.0042331 
725.70 107.15 37.269 0.0035437 0.0035402 
777.66 92.983 28.228 0.0023591 0.0022026 
542.37 92.155 27.153 0.0024827 0.0021008 
538.88 106.64 26.057 0.0021612 0.0019542 
605.79 77.522 14.672 0.0013730 0.0011714 
572.07 92.566 17.156 0.0013525 0.0012475 
538.89 106.83 20.319 0.0016190 0.0013524 
593.82 77.417 13.108 0.0011398 0.00095980 
562.61 92.223 18.629 0.0012264 0.0011098 
569.42 77.678 34.447 0.0034042 0.0033136 
601.15 76.797 15.328 0.0012230 0.0010960 
585.36 76.979 14.132 0.0011239 0.00073219 
554.88 77.186 13.885 0.0011016 0.00091900 
585.74 76.623 15.070 0.0014261 0.0010655 
594.04 78.127 35.255 0.0036201 0.0035172 
497.71 77.685 25.081 0.0018162 0.0016847 
568.74 77.083 16.177 0.0014133 0.0011810 
553.87 76.702 14.954 0.0013381 0.00068952 
519.96 92.346 38.977 0.0034238 0.0035397 
768.74 92.081 44.154 0.0028526 0.0030042 
837.08 92.245 38.664 0.0028428 0.0030018 
863.31 92.353 36.665 0.0027436 0.0029015 
881.01 92.477 36.411 0.0027327 0.0029018 
888.35 92.506 34.700 0.0027221 0.0028767 
872.28 101.86 40.270 0.0040425 0.0042197 
885.09 99.039 36.764 0.0035167 0.0036339 
904.94 97.841 35.081 0.0033005 0.0033848 
921.81 97.999 34.982 0.0031665 0.0032384 
917.61 97.899 34.694 0.0031052 0.0031692 
789.88 105.67 43.852 0.0046332 0.0049521 
848.83 103.45 38.332 0.0028908 0.0030649 
876.75 100.58 35.820 0.0028621 0.0029423 
899.32 98.543 34.357 0.0028891 0.0029397 
1261.4 77.853 42.871 0.0037374 0.0038205 
1291.1 77.976 40.650 0.0037152 0.0038213 
1162.8 78.131 35.960 0.0036363 0.0036139 
1402.7 77.961 39.402 0.0036904 0.0037890 
1148.7 78.210 37.464 0.0038437 0.0038506 
442.55 106.89 42.987 0.010600 0.0050109 
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Atmosphere Air Flow Rate Air Inlet Air Outlet Air Inlet Air Outlet 
Pressure (psi) (lb/hr) Temperature Temperature Humidity Humidity 
(Of') (Of') Ratio Ratio 
14.439 427.48 104.79 37.612 0.011396 0.0042646 
14.439 460.57 103.~8 36.256 0.011700 O.OO4IO~Q 
14.439 466.50 106.95 36.986 0.012133 0.0042294 
14.439 470.89 106.14 37.489 0.012103 0.0043154 
14.439 413.12 107.30 42.739 0.010329 0.0052309 
14.439 461.35 107.33 38.779 0.011250 0.0042964 
14.443 461.07 108.33 36.741 0.011966 0.0040730 
14.443 481.69 122.02 37.311 0.012311 0.0042226 
14.443 479.30 122.14 36.194 0.012074 0.0039614 
14.443 478.21 121.13 35.795 0.012129 0.0039312 
14.443 460.34 112.25 38.882 0.011693 0.0045501 
14.443 482.16 112.28 36.334 0.011596 0.0040475 
14.443 474.37 117.24 36.471 0.012128 0.0040163 
14.366 695.35 80.392 47.184 0.0099048 0.0064143 
14.366 735.66 80.671 43.199 0.010137 0.0054892 
14.366 755.04 81.000 42.148 0.010470 0.0052672 
14.366 822.44 81.488 41.734 0.010686 0.0051894 
14.365 890.57 84.493 36.010 0.0090681 0.0040405 
14.365 899.97 84.842 36.057 0.0089713 0.0040979 
14.365 904.40 85.177 36.150 0.0089356 0.0040975 
14.365 761.33 84.765 40.176 0.0087055 0.0048912 
14.365 807.59 84.416 35.902 0.0086591 0.0040944 
14.490 78§.69 98.129 36.577 0.0080769 0.0039688 
14.490 858.87 102.08 37.807 0.0084613 0.0042606 
14.490 858.74 102.10 36.926 0.0083262 0.0040236 
14.490 861.06 103.10 36.843 0.0082835 0.0040110 
14.490 762.80 97.413 43.440 0.0082828 0.0052735 
14.490 764.05 97.279 38.803 0.0081968 0.0043941 
14.490 817.09 100.27 39.333 0.0081903 0.0043607 
14.490 863.51 100.20 36.385 0.0081015 0.0039170 
14.490 817.12 107.32 36.929 0.0082209 0.0041220 
14.490 809.10 107.34 36.373 0.0082067 0.0039757 
14.490 795.36 109.23 36.842 0.0084303 0.0040377 
14.490 1114.0 92.361 51.289 0.0078460 0.0069338 
14.490 1181.9 92.141 49.139 0.0079774 0.0064429 
14.366 1134.6 92.569 51.104 0.0097072 0.0072886 
14.366 1174.6 92.524 50.558 0.0094463 0.0070774 
14.366 1188.5 92.671 50.570 0.0094284 0.0070499 
14.350 1122.6 97.980 58.648 0.0098656 0.0091550 
14.350 1146.6 97.588 54.525 0.0095399 0.0079970 
14.350 1172.6 97.243 52.708 0.0093646 0.0074860 
14.350 1154.6 102.53 53.059 0.0094865 0.0074393 
1.4.350 1148.7 102.67 52.157 0.0094747 0.0072430 
14.350 1122.3 98.086 58.086 0.0096121 0.0088728 
14.358 1075.2 102.38 53.972 0.0088763 0.0076632 
14.358 1116.9 102.33 52.073 0.0085637 0.0070157 
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Atmosphere Air Flow Rate Air Inlet Air Outlet Air Inlet Air Outlet 
Pressure (psi) (lblhr) Temperature Temperature Humidity Humidity 
("F) ("F) Ratio Ratio 
14.358 1118.7 102.25 50.522 0.0084249 0.0066285 
14.358 1110.4 102.29 49.411 0.0083592 0.0063788 
Refrigerant Side Data. 
Refrigerant Refrigerant Refrigerant Refrigerant Refrigerant Refrigerant Refrigerant 
Flow Rate Inlet Temp. Outlet Inlet Outlet Inlet Outlet 
(lblhr) (Of) Temp. (oF) Pressure Pressure Enthalpy Enthalpy 
(psi) (psi) (BTU/lb) (BTU/lb) 
323.48 31.914 30.258 46.067 40.867 64.380 105.27 
214.52 25.201 25.624 39.314 36.856 48.529 105.~5 
230.98 17.330 16.121 34.071 30.850 49.389 102.51 
152.12 17.978 17.585 32.534 31.294 44.722 102.06 
191.14 15.783 14.760 31.374 29.503 46.001 101.37 
167.38 4.0446 2.6932 24.410 22.532 43.864 99.377 
190.85 5.7103 3.9145 25.501 23.216 44.633 99.355 
212.11 7.2902 5.1412 26.596 23.950 45.730 99.361 
175.17 -1.1560 -3.1554 21.938 19.701 45.063 98.145 
l~.(jl 1.4512 -0.69908 23.336 20.875 45.545 98.441 
100.31 26.955 27.112 39.167 38.561 43.819 103.64 
157.80 6.5826 5.3808 25.600 23.662 43.052 99.895 
161.27 5.0498 3.6805 24.878 22.775 43.162 99.541 
152.54 4.4198 2.9951 24.583 22.450 43.334 99.419 
152.09 5.8169 4.7341 25.269 23.600 41.299 99.826 
101.10 27.583 27.762 39.572 39.028 42.254 103.77 
103.43 5.8557 5.8917 24.911 23.932 38.799 100.44 
139.44 6.4469 5.6549 25.484 24.057 39.306 100.10 
142.54 5.2008 4.2772 24.867 23.332 39.398 99.815 
103.17 28.908 29.088 40.547 39.850 39.592 103.93 
140.38 34.664 34.708 45.633 44.767 42.340 104.76 
183.31 30.322 29.879 42.084 40.639 45.602 103.85 
208.53 28.425 27.566 40.782 38.844 48.510 103.42 
224.00 28.407 27.353 40.921 38.613 50.788 103.26 
231.95 26.479 25.282 39.536 37.001 50.093 102.86 
208.58 31.395 30.804 43.027 41.534 42.444 103.92 
222.98 27.621 26.695 40.085 38.266 43.957 103.17 
237.29 26.068 24.879 39.074 36.876 45.351 102.80 
247.08 25.775 24.408 38.992 36.519 46.171 102.64 
250.30 25.275 23.838 38.725 36.098 46.843 102.52 
186.12 35.056 34.869 46.135 44.825 42.702 104.74 
224.71 23.651 22.532 37.138 35.065 43.824 102.47 
237.66 23.598 22.279 37.375 34.998 44.988 102.31 
242.40 23.652 22.301 37.416 34.932 45.049 102.30 
175.92 35.777 35.257 46.724 45.266 44.765 104.74 
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Refrigerant Refrigerant Refrigerant Refrigerant Refrigerant Refrigerant Refrigerant 
Flow Rate Inlet Temp. Outlet Inlet Outlet Inlet Outlet 
(lb/hr) (Of) Temp. eF) Pressure Pressure Enthalpy . Enthalpy 
(psi) (psi) (BTU/lb) (BTU/lb) 
197.65 33.527 32.798 44.825 42.996 46.113 104.28 
198.59 26.963 26.204 39.507 38.098 43.399 103.20 
231.72 32.186 31.177 43.995 41.722 48.141 103.90 
182.37 28.415 27.877 40.569 39.339 41.525 103.51 
163.45 34.330 34.015 45.373 44.120 45.893 104.5~ 
191.28 28.767 28.178 40.883 38.773 49.729 103.70 
224.98 28.190 27.147 40.683 3~.129 52.545 103.23 
249.62 29.479 28.126 41.990 38.963 55.323 103.32 
256.49 30.187 28.785 42.700 39.497 57.016 103.35 
138.77 31.539 31.572 42.782 41.733 40.907 104.31 
183.30 28.586 28.072 40.552 39.161 42.424 103.57 
203.30 24.684 23.730 37.686 35.869 43.653 102.76 
260.52 28.642 27.132 41.277 38.575 48.507 103.07 
268.17 27.749 26.078 40.693 37.722 49.517 102.82 
268.70 27.627 25.940 40.628 37.599 49.800 102.78 
196.65 30.185 29.675 41.979 40.316 43.658 103.80 
219.05 28.017 27.122 40.273 38.199 44.355 103.23 
236.01 26.150 24.868 39.029 36.653 45.383 102.7~ 
142.46 38.551 38.689 49.141 48.119 47.375 105.42 
192.62 35.135 34.847 46.185 44.577 50.533 104.70 
222.77 33.836 33.163 45.332 43.171 53.040 104.30 
263.36 33.692 32.674 45.494 42.864 55.164 104.08 
321.36 28.213 25.621 41.386 37.344 54.558 102.35 
334.58 28.980 26.179 42.334 37.991 56.234 102.37 
343.95 29.253 26.294 42.692 38.025 57.132 102.29 
183.99 29.347 29.678 41.140 39.709 42.512 104.53 
228.25 25.585 24.736 38.352 36.295 43.754 103.00 
262.82 24.487 23.191 37.757 35.180 44.392 102.52 
-
311.71 27.942 25.762 40.877 37.518 46.817 102.46 
323.30 27.299 24.837 40.458 36.823 47.671 102.17 
333.40 27.577 24.944 40.825 36.911 48.490 102.08 
202.00 32.139 32.550 43.566 42.062 42.809 104.75 
231.75 26.615 26.578 39.218 37.152 43.405 103.89 
261.70 25.818 25.177 38.793 36.189 44.224 103.48 
308.02 26.291 24.027 39.550 36.266 45.921 102.14 
313.16 26.884 24.678 40.153 36.546 45.992 102.27 
314.12 26.068 23.986 39.443 35.842 46.049 102.33 
316.22 26.193 24.291 39.620 35.885 46.272 102.55 
213.55 40.262 41.219 51.082 49.512 49.161 106.48 
273.76 38.387 37.814 49.573 47.167 52.696 105.08 
278.63 41.986 41.709 53.069 50.554 53.761 105.69 
300.97 41.547 40.943 52.880 49.975 55.467 105.48 
315.95 41.786 40.911 53.270 50.100 57.019 105.38 
196.49 49.600 50.302 60.474 59.569 48.091 107.42 
248.00 44.875 45.252 55.687 54.146 50.146 106.52 
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Refrigerant Refrigerant Refrigerant 
Flow Rate 
Refrigerant Refrigerant Refrigerant Refrigerant 
Inlet Temp. Outlet Inlet Outlet Inlet Outlet 
(lblhr) (Of) Temp. (OF) Pressure Pressure Enthalpy Enthalpy 
(psi) . (psi) (BTU/lb) (BTU/lb) 
280.24 42.455 42.493 53.525 51.249 51.941 105.96 
306.48 42.180 42.526 53.373 50.489 52.248 106.12 
320.70 41.662 41.860 53.001 49.802 53.113 105.97 
195.67 48.725 49.633 59.494 58.598 46.771 107.42 
240.15 43.881 45.806 54.646 52.965 48.404 107.17 
273.24 40.867 42.126 51.919 49.694 49.523 106.47 
291.79 39.020 40.214 50.315 47.700 50.439 106.24 
303.39 38.022 39.377 49.497 46.605 51.225 106.25 
Transient 
Over 3500 transient data points were taken. Due to the lack of space or necessity for all 
of the data only a sample of the data will be presented here. The sample data is the transient 
part of each of the data points that are shown in chapter 4. 
Change in condenser air flow rate from 500 to 1200 CFM. Air Data. 
Air Flow Rate . AirInlet Air Outlet Air Inlet Air Outlet Time (sec.) 
(lblhr) Temperature Temperature Humidity Humidity 
(Of) (Of) Ratio Ratio 
786.39 92.498 44.798 0.010108 0.0057402 22.0 
783.05 92.534 44.834 0.010117 0.0057429 24.0 
787.21 92.516 44.798 0.010097 0.0057398 26.0 
785.50 92.552 44.870 0.010132 0.0057422 28.0 
784.80 92.552 44.726 0.010119 0.0057416 30.0 
783.21 92.552 44.654 0.010096 0.0057395 32.0 
785.76 92.534 44.546 0.010092 0.0057427 34.0 
785.39 92.552 44.492 0.010101 0.0057422 36.0 
780.55 92.480 44.402 0.010083 0.0057021 38.0 
786.37 92.480 44.366 0.010086 0.0056994 40.0 
781.01 92.498 44.420 0.010102 0.0056629 42.0 
785.14 92.462 44.510 0.010090 0.0056217 44.0 
782.95 92.408 44.654 0.010088 0.0056244 46.0 
786.05 92.480 44.924 0.010090 0.0056215 48.0 
788.69 92.444 45.140 0.010073 0.0056609 50.0 
787.14 92.534 45.482 0.010093 0.0057017 52.0 
781.87 92.516 45.770 0.010081 0.0057826 54.0 
785.82 92.498 45.968 0.010057 0.0057830 56.0 
781.46 92.408 46.148 0.010030 0.0058582 58.0 
778.75 92.408 46.220 0.010031 0.0059832 60.0 
785.21 92.444 46.238 0.010041 0.0060660 62.0 
783.15 92.390 46.166 0.010032 0.0061070 64.0 
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Air Flow Rate Air Inlet Air Outlet Air Inlet Air Outlet Time (sec.) 
(lblhr) Temperature Temperature Humidity Humidity 
fF) fF) Ratio Ratio 
785.62 92.372 46.094 0.01J)()3~ 0.00614!)~ 66.0 
786.75 92·462 46.076 (}.OlO072 0.0062309 68.0 
783.23 92.534 45.842 0.010057 0.0062329 70.0 
784.16 92.480 45.698 0.010056 0.0062341 72.0 
784.93 _92.480 45.230 0.010059 0.0062370 74.0 
781.97 92.498 44.888 0.010062 0.0061916 76.0 
783.74 92.426 44.366 0.010026 0.0061091 78.0 
785.01 92.408 43.934 0.010007 0.0060337 80.0 
787.36 92.372 43.556 0.010024 0.0060222 82.0 
78_6.56 92.426 43.250 0.010030 0.0059002 84~0 
785.38 92.426 42.926 0.010028 0.0057429 86.0 
781.26 92.462 42.656 0.010032 0.0055861 88.0 
782.53 92.390 42.368 0.010014 0.0054333 90.0 
784.90 92.444 42.260 0.010033 0.0052831 92.0 
789.00 92.444 42.044 0.010041 0.0051372 94.0 
788.80 92.480 41.900 0.010010 0.0050689 96.0 
78(>.55 92.354 41.738 0.0099927 0.0049984 98.0 
789.23 92.354 41.612 0.0099946 0.0049264 100.0 
787.31 92.300 41.~~ 0.lu}qYf\19 0.0048947 102.0 
785.77 92.354 41.396 0.0099444 0.0048582 104.0 
789.21 92.336 41.306 0.0099530 0.0048271 106.0 
789.63 92.390 41.306 0.0099?49 0.0048232 108.0 
781.80 92.354 41.198 0.0099626 0.0048240 110.0 
787.70 92.318 41.126 0.0099451 0.0048250 112.0 
789.30 92.390 41.180 0.0099776 0.0048255 114.0 
787.33 92.390 41.072 0.0099709 0.0048238 116.0 
790.1(i 92.372 41.090 0.0099714 0.0048580 118.0 
786.87 92.354 41.072 0.0099708 0.0048574 120.0 
788.09 92.354 41.090 0.0099350 0.0048~) 122.0 
784.75 92.336 41.054 0.0099464 0.0048922 124.0 
789.34 92.372 41.018 0.0099741 0.0048928 126.0 
788.46 92.390 41.090. 0.0099899 0.0048947 128.0 
790.97 92.336 41.054 0.0099502 0.0048922 130.0 
790.13 92.372 41.054 0.0099467 0.0048914 132.0 
789.69 92.336 41.036 0.0099283 0.0049271 134.0 
786.79 92.300 41.036 0.0099119 0.0049270 136.0 
789.63 92.426 41.108 0.0099279 0.0049258 138.0 
785.89 92.408 41.126 0.0099557 0.0049258 140.0 
789.20 92.408 41.126 0.0099§42 0.0049277 142.0 
789.20 92.408 41.126 0.0099681 0.0049301 144.0 
787.97 92.408 41.126 0.0099806 0.0049281 146.0 
788.36 92.408 41.162 0.0099775 0.0049271 148.0 
787.90 92.372 41.198 0.0099618 0.0049266 150.0 
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Change in condenser air flow rate from 500 to 1200 CFM. Refrigerant Data. 
Refrigerant Refrigerant Refrigerant Refrigerant Refrigerant Time (sec.) 
Flow Rate Inlet Pressure Outlet Inlet Enthalpy Outlet 
(lblhr) (psi) Pressure (psi) (BTU/lb) Enthalpy 
(BTU/lb) 
264.55 48.299 45.827 56.380 104.97 20.000 
265.16 4~285 45.775 56.424 105.01 22.000 
262.60 48.068 45.702 56.279 105.15 24.000 
258.13 47.610 45.419 55.742 ' 105.68 26.000 
239.58 46.659 44.694 55.079 108.86 28.000_ 
212.51 45.597 43.799 54.042 114.70 30.000 
197.01 44.551 42.903 52.954 118.23 32.000 
189.16 43.572 42.060 51.942 120.20 34.000 
181.41 42.523 41.060 50.941 122.20 36.000 
177.81 41.345 39.817 49.993 122.38 38.000 
175.51 40.304 38.731 49.158 123.10 40.000 
174.16 39.390 37.833 48.425 122.65 42.000 
174.69 38.676 37.148 47.783 122.18 44.000 
176.13 37.993 36.454 47.228 120.57 46.000 
177.44 37.653 36.064 46.780 119.68 48.000 
180.81 37.492 35.843 46.313 117.56 50.000 
183.72 37.569 35.880 45.914 115.54 52.000 
187.32 37.720 36.021 45.541 112.64 54.000 
193.05 38.109 36.063 45.194 110.31 56.000 
203.64 38.606 36.396 44.908 105.62 58.000 
213.85 39.056 36.736 44.660 101.72 60.000 
223.22 39.806 37.289 44.478 99.333 62.000 
232.77 40.299 37.686 44.328 96.626 64.000 
238.33 40.970 38.282 44.231 95.403 66.000 
242.88 41.598 38.987 44.211 94.400 68.000 
250.15 42.021 39.444 44.224 92.912 70.000 
255.53 42.165 39.401 44.269 92.048 72.000 
260.14 42.382 39.597 44.321 91.644 74.000 
262.55 42.782 39.916 44.451 91.578 76.000 
264.87 42.695 40.181 44.607 91.897 78.000 
266.67 42.917 40.370 44.757 92.275 80.000 
266.59 43.092 40.515 44.965 92.977 82.000 
265.67 43.291 40.674 45.148 93.948 84.000 
265.55 43.318 40.907 45.351 94.826 86.000 
265.52 43.577 41.204 45.534 95.485 88.000 
264.63 43.585 41.069 45.744 96.530 90.000 
263.82 43.661 41.402 45.953 97.711 92.000 
256.49 43.731 41.561 46.144 100.33 94.000 
255.22 43.811 41.500 46.295 101.00 96.000 
257.54 43.893 41.745 46.433 100.69 98.000 
260.06 43.895 41.685 46.557 100.80 100.00 
252.07 43.975 41.770 46.709 102.59 102.00 
254.41 43.951 41.720 46.867 102.29 104.00 
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Refrigerant Refrigerant Refrigerant Refrigerant Refrigerant Time (sec.) 
Flow Rate Inlet Pressure Outlet Inlet Enthalpy Outlet 
(lblbr) (psi) Pressure (psi) (BW/lb) Enthalpy 
(BW/lb) 
254.69 44.009 41.890 46.972 102.77 106.00 
254.93 43.805 41.730 47.131 103.10 108.00 
257.52 43.756 41.700 47.230 102.03 . 110.00 
254.35 43.773 41.757 47.362 103.22 112.00 
251.53 43.668 41.597 47.481 104.21 114.00 
253.86 43.666 41.643 47.627 103.76 116.00 
248.49 43.674 41.591 47.680 105.09 118.00 
243.56 43.551 41.479 47.865 106.19 120.00 
243.42 43.789 41.718 47.918 106.22 122.00 
242.59 43.590 41.604 48.031 106.22 124.00 
241.99 43.745 41.764 48.104 106.94 126.00 
247.40 43.704 41.653 4H.183 105.67 128.00 
248.38 43.648 41.699 48.230 105.53 130.00 
249.90 43.796 41.801 48.243 105.15 132.00 
246.09 43.797 41.720 48.297 105.85 134.00 
245.77 43.853 41.839 48.316 105.65 136.00 
246.73 43.716 41.736 48.343 105.76 138.00 
246.95 43.651 41.582 48.356 105.52 140.00 
245.66 43.731 41.600 48.329 106.06 142.00 
246.60 43.723 41.653 48.356 105.87 144.00 
246.58 43.625 41.528 48.336 105.82 146.00 
247.04 43.683 41.508 48.269 105.64 148.00 
245.94 43.664 41.654 48.296 105.78 150.00 
Change in Compressor Speed 4000-1000 RPM. Air Data. 
Air Flow Rate Air Inlet Air Outlet Air Inlet Air Outlet Time (sec.) 
(lblbr) Temperature Temperature Humidity Humidity 
fF) (Of) Ratio Ratio 
806.630 92.3540 39.7940 0.00975080 0.00462530 20.0000 
809.690 92.3540 39.7400 0.00976000 0.00462520 . 22.0000 
807.480 92.4080 39.8120 0.00979580 0.00462570 24.0000 
809.180 92.4080 39.8300 0.00983730 0.00462610 26.0000 
806.910 92.3180 39.9740 0.00978330 0.00462480 28.0000 
808.710 92.3540 40.4060 0.0_Q982570 0.00462570 30.0000 
811.100 92.3540 41.0540 0.00978420 0.00469100 32.0000 
808.760 92.3180 41.8100 0.00980500 0.00468990 34.0000 
809.340 92.4080 42.5660 0.00979540 0.00475710 36.0000 
809.730 92.4080 43.5020 0.00979830 0.00485720 38.0000 
812.310 92.3900 44.2580 0.00975750 0.00499560 40.0000 
808.950 92.3720 44.9420 0.00976140 0.00517310 42.0000 
806.040 92.3900 45.6260 0.00978430 0.00532120 44.0000 
807.020 92.3900 46.2740 0.00982560 0.00546870 46.0000 
809.980 92.5340 46.9760 0.00981270 0.00566180 48.0000 
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Air Flow Rate Air Inlet Air Outlet Air Inlet Air Outlet Time (sec.) 
(lblhr) Temperature Temperature Humidity Humidity 
cP) (Of) Ratio Ratio 
810.330 92.5160 47.3180 0.00982410 0.00582370 50.0000 
806.780 92.4800 47.7500 0.00980900 0.00598290 52.0000 
810.100 92.4980 48.0560 0.00978090 0.00614890 54.0000 
810.000 92.4980 48.3980 0.00977850 0.00631900 56.0000 
807.170 92.4440 48.5420 0.00978060 0.00645250 58.0000 
809.790 92.4620 48.7760 0.00981010 0.00653990 60.0000 
809.580 92.4080 48.8840 0.00975600 0.00663190 62.0000 
808.940 92.3720 48.9920 0.00978860 0.00672250 64.0000 
807.820 92.4080 49.1720 0.009787J)0 U.006H1050 66.0000 
HU4.290 92.4620 49.2800 0.UU9H0410 0.00685860 68.0000 
H02.000 92.4080 49.4240 JJ.00977840 0.0069U400 70.UOoo 
808.740 92.4260 49.4240 0.00981930 0.00690300 72.0000 
801.520 92.3540 49.4060 U.00981460 0.00694900 74.0000 
809.890 92.4080 49.4780 0.00980770 0.uu695140 76.0Uoo 
803.870 92.4800 49.5500 0.00984540 0.00699550 78.0000 
804.250 92.4800 49.6U40 0.00987530 0.00699870 80.0000 
808.050 92.4980 49.6040 0.00989110 0.00699870 82.0000 
806.380 92.4800 49.5860 0.00984UUO 0.00699550 84.0000 
806.380 92.4440 49.5860 0.00983900 0.00699610 86.0000 
803.780 92.4980 49.6760 0.00988830 0.00699550 88.0000 
807.210 92.4440 49.6040 0.00989630 0.00699710 90.0000 
804.220 92.4260 49.6400 0.00986230 0.00700060 92.0000 
805.880 92.4260 49.6760 0.00989150 0.00699950 94.0000 
808.800 92.3360 49.7120 0.00991590 0.00699610 96.0000 
808.300 92.3900 49.7120 0.00989820 0.00704770 98.0000 
807.450 92.3540 49.7480 0.00989730 0.00704690 100.000 
806.190 92.4440 49.7120 0.00988840 0.00705150 102.000 
807.020 92.3540 49.7480 0.00988300 0.00704750 104.000 
806.540 92.3900 49.7480 0.00989570 0.00709160 106.000 
804.850 92.3360 49.7480 0.00983130 0.00709460 108.000 
807.750 92.2640 49.7120 0.00989460 0.00714250 110.000 
808.610 92.3000 49.6760 0.00989940 0.00714140 112.000 
806.930 92.2100 49.6760 0.00990480 0.00714200 114.000 
804.830 92.2280 49.6940 0.00988940 0.00713870 116.000 
808.190 92.2460 49.6940 0.0099011U 0.00713600 118.000 
810.260 92.2460 49.7300 0.00989960 0.00713820 120.000 
803.040 92.2640 49.7300 0.00990670 0.00718830 122.000 
805.530 92.3000 49.7660 0.00993820 0.00718860 124.000 
811.790 92.2640 49.8200 0.00997950 0.00718830 126.000 
804.620 92.3000 49.8560 0.00994260 0.00718830 128.000 
805.500 92.2460 49.8020 0.00992520 0.00719020 130.000 
805.380 92.3000 49.8740 0.00996340 0.00723660 132.000 
802.470 92.2460 49.8200 0.00996910 0.00724010 134.000 
803.260 92.2820 49.8740 0.00997580 0.00723960 136.000 
806.160 92.3360 49.9460 0.00997330 0.00723820 138.000 
806.970 92.3360 49.9820 0.01000000 0.00723770 140.000 
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Time (sec.) 
Change in Compressor Speed 4000-1000 RPM. Refrigerant Data. 
Refrigerant Refrigerant Refrigerant Refrigerant Refrigerant Time (sec.) 
Flow Rate Inlet Pressure Outlet Inlet Enthalpy Outlet 
(lb/hr) (psi) Pressure (psi) (BTU/lb) Enthalpy 
(BTU/lb) 
288.94 43.189 40.075 51.688 102.97 20.000 
288.68 43.118 40.051 51.701 103.29 22.000 
284.44 43.514 40.7')7 51.73') 104.06 24J)OO 
280.43 45.361 43.650 51.693 104.99 26.000 
242.18 46.581 45.090 51.517 112.67 28.000 
212.02 47.465 46.254 51.30') 121.13 30.000 
188.40 47.970 47.018 51.064 128.69 32.000 
172.59 48.536 47.535 50.683 134.40 34.000 
169.06 48.870 47.889 50.139 134.49 36.000 
157.67 49.346 48.519 49.582 138.37 38.000 
152.81 49.597 48.639 48.960 138.83 40.000 
147.20 49.884 48.979 48.365 139.31 42.000 
144.80 50.193 49.283 47.893 138.37 44.000 
143.67 50.389 49.493 47.508 137.28 46.000 
141.27 50.605 49.629 47.184 136.76 48.000 
142.65 50.739 49.714 46.840 134.17 50.000 
145.00 50.782 49.807 46.563 130.42 52.000 
147.06 50.891 49.889 46.299 127.77 54.000 
148.3_0 50.925 49.944 46.096 125.41 56.000 
154.84 51.114 50.037 45.866 120.57 58.000 
158.47 51.227 50.221 45.761 118.40 60.000 
163.04 51.328 50.315 45.663 115.26 62.000 
166.89 51.493 50.494 45.590 113.06 64.000 
168.10 51.718 50.660 45.577 111.84 66.000 
162.47 51.853 50.738 45.630 113.66 §8.000 
161.94 52.083 50.967 45.650 113.08 70.000 
165.66 52.286 51.158 45.715 112.43 72.000 
169.76 52.445 51.353 45.801 110.00 74.000 
171.05 52.599 51.529 45.886 110.20 76.000 
174.73 52.759 51.695 46.163 108.63 78.000 
177.30 52.991 51.860 46.248 107.91 80.000 
172.16 53.137 52.103 46.526 110.43 82.000 
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Refrigerant Refrigerant Refrigerant Refrigerant Refrigerant Time (sec.) 
Flow Rate Inlet Pressure Outlet Inlet Enthalpy Outlet 
(lb/hr) (psi) Pressure (psi) (BTU/lb) Enthalpy 
(BTU/lb) 
172.08 53.241 52.ll8 46.604 llO.16 84.000 
172.03 53.286 52.252 46.757 IlQ.28 ~6.000 
170.32 53.249 52.152 _~6.994 ll1.17 _~~.OOO 
169.86 53.493 52.402 47.021 ll1.70 90.000 
167.27 53.379 52.231 47.266 112.44 92.000 
164.56 53.499 52.312 47.253 ll3.7~ ~4.000 
163.22 53.440 52.400 47.392 ll4.68 96.000 
159.31 53.333 52.275 47.4U6 115.~~ 98.000 
157.22 53.277 52.245 47.498 116~3 10U.00 
155.42 53.096 52.013 47.559 ll7.67 102.00 
153.71 53.138 52.207 47.73~ ll~.53 104.00 
153.12 52.988 52.072 47.559 ll~.45 lU6.00 
149.47 52.971 52.072 47.525 11~.52 108.00 
148.50 52.944 51.986 47.678 120.46 110.00 
146.80 52.910 51.910 47.864 121.70 112.00 
145.89 52.925 51.975 47.532 121.58 ll4.00 
145.42 52.853 51.954 47.619 121.64 116.00 
143.53 52.693 51.723 47.539 122.~6 118.00 
142.99 52.660 51.694 47.533 123.36 120.00 
142.31 52.671 51.704 47.486 122.76 122.00 
142.43 52.639 51.694 47.374 123.01 124.00 
142.29 52.505 51.537 47.174 123.61 126.00 
141.48 52.484 51.540 47.201 123.17 128.00 
141.54 52.439 51.595 47.247 123.14 130.00 
141.46 52.276 51.357 47.175 123.03 132.00 
141.91 52.402 51.479 47.115 122.47 134.00 
141.87 52.292 51.343 47.161 122.63 136.00 
142.01 52.202 51.261 47.076 122.71 138.00 
142.18 52.361 51.428 47.075 122.82 140.00 
141.70 52.214 51.293 47.089 123.29 142.00 
142.37 52.268 51.343 46.950 122.84 144.00 
142.54 52.348 51.383 46.818 122.23 146.00 
142.92 52.271 51.308 46.891 121.88 148.00 
143.23 52.243 51.313 46.858 121.93 . 150.00 
Change in Compressor Speed 1000-4000 RPM. Air Data. 
Air Flow Rate Air Inlet Air Outlet Air Inlet Air Outlet Time (sec.) 
(lb/hr) Temperature Temperature Humidity Humidity 
COF) (Of) Ratio Ratio 
673.28 92.408 50.288 0.010164 0.0071379 10.000 
672.37 92.462 50.180 0.010174 0.0070919 12.000 
669.21 92.354 50.198 0.010165 0.0070921 14.000 
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Air Flow Rate Air Inlet Air OUtlet Air Inlet Air Outlet Time (sec.) 
(lh/hr) Temperature Temperatme Humidity Humidity 
fF) fF) Ratio Ratio 
671.69 92.354 50.144 0.010126 0.0070913 16.000 
669.89 92.426 50.252 0.010169 0.0070916 18.000 
669.93 92.426 50.162 0.010151 0.0070903 20.000 
66lS.57 92.426 50.126 0.01012lS 0.0070916 22.000 
670.7(,! ~2.40lS 50.054 0.010131 0.0070954 24.000 
667.82 92.426 49.658 0.010099 0.0070927 26.000 
670.31 92.390 49.154 0.010121 0.0070434 28.000 
672.21 92.336 48.488 0.010108 0.0069958 30.000 
671.87 92.336 47.768 0.010116 0.0068108 32.000 
669.13 92.282 47.030 0.010108 0.0065lS53 34.000 
670.97 92.300 46.328 0.010083 0.0063232 36.000 
671.21 92.372 45.590 0.010121 0.0059448 38.UOO 
669.08 92.336 45.122 0.01012~ 0.Q05~255 40.000 
671.92 92.408 44.528 0.010145 0.0053612 42.000 
670.14 92.318 44.024 0.010165 0.0053627 44.000 
672.67 92.264 43.358 0.010156 0.0051063 46.000 
673.11 92.318 43.016 0.010154 0.0049277 48.000 
671.07 92.336 42.584 0.010163 0.0047937 50.000 
671.lS0 92.390 42.224 0.010138 0.0046910 52.000 
672.06 92.354 41.954 0.010107 0.0046277 54.000 
673.38 92.318 41.702 0.0101.21 0.0045629 56.000 
671.48 92.264 41.396 0.010130 0.0045277 5lS.000 
673.86 92.264 41.108 0.010111 0.00449lSl 60.000 
673.24 92.264 40.982 0.010114 0.0044954 62.000 
672.66 92.300 40.784 0.010111 0.0044951 64.000 
672.76 92.282 40.640 0.010123 0.0044979 66.000 
670.65 92.318 40.568 0.010113 0.0044972 68.000 
671.08 92.372 40.424 0.010127 0.0045181 70.000 
676.14 92.336 40.316 0.010112 0.0045288 72.000 
672.27 92.336 40.190 0.010083 0.0045614 74.000 
671.22 92.336 40.154 0.010063 0.0045611 76.000 
673.31 92.390· 40.172 0.010121 0.0045958 78.000 
672.60 92.408 40.172 0.010105 0.0045941 80.000 
670.47 92.426 40.136 0.010126 0.0045924 82.000 
675.12 92.390 40.082 0.010101 0.0046252 84.000 
670.11 92.426 40.082 0.010111 0.0046274 86.000 
673.76 92.318 39.974 0.010055 0.0046266 88.000 
673.07 92.336 39.938 0.010050 0.0046255 90.000 
669.84 92.354 39.956 0.010032 0.0046246 92.000 
667.65 92.372 39.938 0.010053 0.0046610 94.000 
671.23 92.336 39.956 0.010065 0.004§607 96.000 
674.80 92.354 39.956 0.010067 0.0046573 98.000 
672.69 92.318 39.974 0.010029 0.0046246 100.00 
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Change in Compressor Speed 1000-4000 RPM. Refrigerant Data. 
Re 0gerant 
Flow Rate 
Ob/hr) 
R: gerant Re gerant 
Inlet Pressure Outlet 
(psi) Pressure (psi) 
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Tnne sec.) 
Re ·gerant 
Flow Rate 
(lblhr) 
Refrigerant Re gerant &. gerant 
Inlet Pressure Outlet Inlet Enthalpy 
(psi) Pressure (psi) (BTU/lb) 
Change in Evaporator Air Flow 165-240 CFM. Air Data. 
Air Flow Rate Air Inlet Air Outlet Air Inlet 
(lblhr) Temperature Temperature Humidity 
fF) fF) Ratio 
786.65 92.408 41.702 U.0098182 
7~7.12 92.390 41.648 0.0097955 
785.83 92.408 41.684 0.0098352 
7_82.88 92.444 41.684 0.0098267 
785.01 92.426 41.648 0.UW8UZ9 
875.76 92.408 41.594 0.0098288 
1120.7 92.300 41.720 0.0096100 
1144.0 92.156 41.864 0.111 NII"''''7 
1178.5 91.958 42.206 U.lKJKhOI7 
1178.7 91.796 42.476 0.0083068 
1174.5 91.616 42.764 0.0081029 
1182.7 91.544 43.016 0.0079934 
1189·8_ ~1.436 4,3.286 0.OU7J:iJ.lL 
1182.6 91.328 43.484 0.0078634 
1179.9 91.238 43.718 0.0078399 
1182.7 91.202 43.844 0.0078295 
1179.8 91.166 44.024 0.0078313 
1183.4 91.148 44.150 0.0078348 
1181.9 91.040 44.240 0.0078254 
1182.5 91.058 44.366 0.0078261 
1183.4 91.058 44.510 0.0078650 
1183.4 91.094 44.654 0.0078655 
1180.7 91.058 44.834 0.0078549 
11ts2.9 9UJ40 44.~0~ 0.l)!J7JS704 
1185.1 91.022 45.050 0.0078879 
1186.1 91.004 45.104 0.0079099 
1182.7 90.914 45.068 0.0079355 
1183.4 90.968 45.194 0.0079193 
1182.2 90.950 45.266 0.0079044 
1182.7 90.932 45.284 Q.OlJ79170 
1181.7 90.968 45.374 0.0079490 
1184.()_ 90.932 45.374 0.00725(i2 
1183.1 90.914 45.374 0.0079588 
1182.8 90.932 45.410 0.0079737 
1182.7 90.914 45.464 0.0079750 
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Time (sec.) 
Air OUtlet Time (sec.) 
Humidity 
Ratio 
0.0050673 10.000 
0.0050657 12.0J)O 
0.0050673 14.000 
0.0050673 16.000 
0.0050685 18.000 
0.0050673 20.000 
0.0050671 22.Uoo 
0.0050649 74.000 
u.0050673 26.000 
0.0051353 28.000 
0.0052113. ~O.OOO 
0.0053201 32.000 
0.0053939 34.000 
0.0055072_ 36.000 
0.0055848 38.000 
0.0056616 40.000 
0.0057377 ~2.000 
0.0057812 44.000 
0.0058214 46.0QO 
0.0058584 48.000 
0.0058573 50.000 
0.0059011 . 52.000 
0.0058997 54.000 
0.0058983 56.000 
0.0059422 58.000 
0.0059408 60.000 
0.0059020 ()2.000 
0.0059025 64.000 
0.0059002 66.000 
0.0059009 68.000 
0.0059020 70.000 
0.0059016 72.000 
0.0059006 74.000 
0.0058993 76.000 
0.0059018 78.000 
Air Flow Rate Air Wet Air Outlet Air Wet Air Outlet Time (sec.) 
(lh/hr) Temperature Temperature Humidity Humidity 
fF) (Of) Ratio Ratio 
1181.8 91.004 45.482 0.0080078 0.0059425 80.000 
11_8_0.9 91.022 45.554 0.UU801U7 U.0059399 82.UUU 
1185.9 91.022 45.590 0.0080224 0.0059436 84.000 
11~3.0 91.112 45.644 0.0080456 0.(!U59434 _8(!.00(). 
1184.1 91.148 45.680 0.0080567 0.0059408 88.000 
1182.6 91.166 45.752 0.0080410 0.0059406 90.000 
1177.3 91.112 45.734 0.OU80325 0.0059411 92.000 
1184.0 91.130 45.770 0.0080675 0.0059420 94.000 
1185.4 91.166 45.770 0.0080550 l!.0059427 96.000 
1182.8 91.184 _~5.824 .U.U080658 0.00594U8 9~.QUU 
1181.4 91.202 45.842 0.0080760 0.0059415 100.00 
1178.2 91.310 45.932 0.0080947 U.0059425 102.00 
1182.3 ~1.274 46.022 U.UU81141 0.0059395 104.UO 
1185.3 91.346 45.986 0.0081193 0.0059822 106.00 
1184.7 91.328 46.040 0.0081351 0.0059806 108.00 
1177.7 91.418 46.076 0.0081226 0.00598U6 110.00 
1182.3 91.346 45.986 0.0081068 0.0059804 112.00 
1181.1 91.400 46.022 0.UU815U3 0.0059797 114.00 
1179.7 91.400 46.040 0.0081352 0.0059804 116.0U 
1183.4 91.418 45.968 0.0081385 0.0059841 118.00 
1181.5 91.436 45.95U U.UU81543 0.0059822 120.00 
1180.9 91.526 45.950 0.0081427 0.0059829 122.00 
1182.2 91.544 46.040 _U.0081414 0.0059846 124.yO 
1181.6 91.562 46.040 0.0081368 0.0059843 126.00 
1183.5 91.526 45.986 0.0081417 0.0060227 128.00 
1184.9 91.616 46.040 0.0081179 0.0060218 130.00 
1182.1 91.562 46.004 0.U081044 0.0060250 132.0U 
1182.1 91.616 46.022 0.0081225 0.006026U 134.00 
1180.4 91.652 46.058 0.0081522 0.0060227 136.00 
1182.1 91.706 46.040 0.0081705 0.0060222 138.00 
1179.0 91.742 46.058 0.0081791 0.0060227 140.00 
1181.6 91.706 46.040 0.U081777 0.0059818 142.00 
1180.2 91.688 46.004 0.0081545 0.0060262 . 144.00 
1181.3 91.652 45.986 0.0081499 0.0060243 146.00 
1175.4 91.706 46.094 0.0081615 0.0060234 148.00 
1177.4 91.760 45.968 0.0081486 0.0060229 150.00 
1178.4 91.778 46.076 0.0081715 0.0060246 152.00 
1178.1 91.778 46.148 U.U081834 0.0060262 154.00 
1182.5 91.832 46.166 0.0081987 0.0060232 15(j.00 
1181.8 91.832 46.094 0.0082266 0.0059822 158.00 
1182.0 91.886 46.094 0.0081863 0.0060222 160.00 
1183.2 91.724 46.058 0.0081737 0.0060232 162.00 
l180.9 91.778 46.094 0.0082020 0.0060236 164.00 
1180.3 91.796 46.094 0.0082013 0.0060269 166.00 
1183.1 91.832 46.094 0.0081814 0.0060262 168.00 
1183.8 91.850 46.202 0.0081924 0.0060250 170.00 
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Time (sec.) 
Change in Evaporator Air Flow 165-240 CFM. Refrigerant Data. 
Refrigerant Refrigerant Refrigerant Refrigerant Refrigerant Time (sec.) 
Flow Rate Inlet Pressure Outlet Inlet Enthalpy Outlet 
(lb/hr) (psi) Pressure (psi) (BW/lb) Enthalpy 
(BW/lb) 
253.36 44.180 42.025 49.704 104.10 10.000 
253.16 44.292 42.178 49.664 104.09 12.000 
253.73 44.368 42.173 49.711 104.04 14.000 
253.06 44.332 42.119 49.712 103.98 16.000 
253.13 44.443 42.290 49.732 104.06 18.000 
253.34 44.350 42.150 49.652 110.35 20.000 
252.53 44.859 42.610 49.685 126.28 22.000 
253.60 45.026 42.692 49.623 124.31 24.000 
255.50 45.597 43.250 49.623 123.US 26.000 
257.18 45.694 43.278 49.649 120.43 28.000 
257.92 45.971 43.625 49.736 1Ut15 30.000 
259.40 46.153 43.826 49.756 116.81 32.000 
260.40 46.359 44.037 49.742 115.35 34.000 
261.76 46.361 43.938 49.795 113.92 36.000 
263.52 46.444 43.980 49.841 112.56 38.000 
264.05 46.548 44.193 49:874 112.01 40.000 
265.21 46.620 44.222 49.934 111.06 42.000 
265.97 46.620 44.164 49.940 110.73 44.000 
266.34 4&.888 44.463 49.907 110.08 46.000 
266.36 47.023 44.609 49.967 109.88 48.000 
266.32 47.008 44.646 50.007 110.01 50.000 
265.66 47.072 44.555 50.040 109.87 52.000 
266.44 47.100 44.613 50.087 109.33 54.000 
267.02 47.136 44.627 50.087 109.22 56.000 
267.46 47.161 44.697 50.074 108.99 58.000 
267.71 47.056 44.548 50.039 108.99 60.000 
268.13 47.134 44.833 50.040 108.98 62.000 
2~7.20 47.211 44.883 50.033 109.06 64.000 
267.51 47.176 44.711 50.033 108.77 66.000 
268.38 47.203 44.826 50.046 108.64 68.000 
268.25 47.206 44.697 50.012 108.68 70.000 
268.71 47.273 44.791 50.013 108.69 72.000 
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Refrigerant Refrigerant Refrigerant Refrigerant Refrigerant Time (sec.) 
Flow Rate Inlet Pressure Outlet Inlet Enthalpy Outlet 
(lb/hr) (psi) Pressure (psi) (BWllb) Enthalpy 
(BW/lb) 
269.48 47.278 44.799 50.012 108.47 74.000 
269.36 47.290 44.91U 49 __ 992 1US.52 76.UUU 
268.37 47.4U~ 44.929 49.979 108.64 78.000 
267.99 47.480 45.046 49.992 108.73 80.000 
267.S1 47.301 44.824 49.945 1US.65 82.000 
2_6~34 47.3US +!-S4!5 49.945 1US.56 S4.OOU 
269.95 47.379 44.886 49.958 108.45 86.000 
27U.U4 47.534 45.U92 49.918 1US.51 88~Q 
270.02 47.414 44.924 49.918 108.31 90.000 
27U.07 47.521 45.133 49.924 1U7.96 92.000 
269.83 47.6U4 45.117 49.864 108.43 .~4.oo0 
.2JO.SC! 47.576 45.082 49.904 108.29 96.000 
271.08 47.507 45.103 49.910 108.15 9S.0UU 
27U.79 47.544 45.064 49.S70 108.14 100.00 
271.83 47.541 45.19U 49.863 1U7.S6 1U2.UU 
272.19 47.495 45.126 49.890 107.99 104.00 
271.99 47.643 45.211 49.91U 108.14 106.00 
272.84 47.491 45.090 49.910 107.93 1US.00 
273.18 47.543 45.097 49.923 107.53 110.00 
272.77 47.553 45.176 49.917 107.78 112.00 
272.85 47.626 45.243 49.9U3 1U7.92 114.00 
273.56 47.627 45.154 49.917 lU7.62 116.00 
273.23 4}.579 45.U79 49.896 107.94 l1S.UU 
272.81 47.()9() 45.283 49.5J30 108.09 12U.UO 
274.05 47.755 45.342 49.930 107.84 122.00 
274.20 47&55 45.450 49.97U 107.S2 124.00 
274.49 47.652 45.225 49.956 107.72 126.0U 
274.33 47.808 45.419 49.943 107.69 128.00 
274.18 47.786 45.305 49.959 107.72 130.00 
274.33 47.706 45.218 49.916 107.43 132.0U 
274.41 47.833 45.208 49.943 107.56 134.00 
274.92 47.734 45.293 49.942 107.52 136.00 
274.32 47.629 45.221 49.970 107.92 13S.00 
274.05 47.771 45.1S7 49.9S3 107.99 140.00 
274.39 47.769 45.313 49.976 108.11 142·09_ 
274.55 47.775 45.298 49.996 107.73 144.00 
275.26 47.827 45.264 49.963 107.57 146.00 
275.49 47.685 45.098 50.U03 107.28 148.00 
275.29 47.771 45.375 49.929 107.48 150.00 
275.57 47.801 45.353 50.003 107.55 152.00 
275.22 47.893 45.491 49.990 107.56 154.00 
275.22 47.771 45.235 49.996 1()7.91 156.00 
274.37 47.898 45.445 49.989 108.45 158.00 
274.67 47.766 45.20S 49.9S2 10S.06 160.00 
274.65 47.893 45.415 49.983 107.93 162.00 
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Refrigerant Refrigerant Refrigerant Refrigerant Refrigerant Time (sec.) 
Flow Rate Inlet Pressure Outlet Inlet Enthalpy Outlet 
(lb/hr) (psi) Pressure (psi) (BTU/lb) Enthalpy 
(BTU/lb) 
275.24 47.840 45.306 50.016 107.88 1Q4·UU 
276.02 47.907 45.308 49.935 107.61 166.00 
275.48 47&33 45.348 49.935 107.80 168.00 
275.27 47.805 45.22~ 49.962 107.~7 170.0Q 
275.52 47.874 45.457 50.016 107.73 172.00 
275.57 47.918 45.404 50.022 107.75 174.00 
275.97 47.842 45.285 49.982 107.63 176.00 
275.97 47.908 45.407 49.962 107.80 178.00 
275.81 47.835 45.347 49.989 107.66 180.00 
Change in Evaporator Air Flow 240-165 CFM. Air Data. 
Air Flow Rate Air Inlet Air Outlet Air Inlet Air Outlet Time (sec.) 
(lb/hr) Temperature Temperature Humidity Humidity 
fF) (Of) Ratio Ratio 
1145.0 92.300 47.138 0.0083828 0.0061504 16.000 
1143.4 92.336 47.102 0.0083771 0.0061473 18.000 
1140.8 92.300 47.138 0.0083602 0.0061902 20.000 
929.87 92.264 46.994 0.0083689 0.0061916 22.000 
914.85 92.372 46.958 0.0086372 0.0061907 24.000 
785.55 92.480 46.706 0.0089051 0.0061468 26-900 
779.12 92.642 46.436 0.0094007 0.0061101 28.000 
77'6.59 92.78~ 46.094 0.0097917 0.0061120 30.000 
780.93 92.930 45.788 0.0099923 0.006021'6 32.000 
777.27 93.020 45.464 0.010118 0.0059836 34.000 
780.74 93.164 45.230 0.010203 0.0059032 36.000 
779.48 93.182 44.960 0.010254 0.0058200 38.000 
783.30 93.236 44.780 0.010242 0.0057413 40.000 
782.66 93.416 44.654 0.010258 0.0057037 42.000 
785.12 93.452 . 44.528 0.010249 0.0057032 44.000 
781.86 93.470 44.312 0.010220 0.0056237 46.000 
783.60 93.542 44.240 0.010192 0.0055461 48.000 
782.62 93.524 44.060 0.010175 0.0055072 50.000 
782.40 93.506 43.898 0.010182 0.0054694 52.000 
781.73 93.560 43.808 0.010148 0.0054337 54.000 
7~4.56 93.596 43.790 0.010138 0.0053932 56.000 
782.29 93.560 43.664 0.010134 0.0053935 58.000 
781.12 93.596 43.628 0.010135 0.0053951 6U.QQO 
781.22 93.632 43.574 0.010142 0.0053568 62.000 
782.49 93.578 43.484 0.010112 0.0053568 64.000 
782.57 93.578 43.358 0.010113 0.0053578 66.000 
781.41 93.668 43.322 0.010119 0.0053604 68.000 
783.07 93.614 43.232 0.010104 0.0053564 70.000 
782.33 93.542 43.160 0.010065 0.0053597 72.000 
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Air Flow Rate Air Inlet Air Outlet 
(lblhr) Temperature TemperatUre 
Time (sec.) 
Change in Evaporator Air Flow 240-165 CFM. Refrigemnt Data. 
Refiigerant Refrigerant Refrigerant Refrigerant Refrigerant Time (sec.) 
Flow Rate Inlet Pressure Outlet Inlet Enthalpy Outlet 
(lblhr) (psi) Pressure (psi) (BTU/lb) Enthalpy 
(BTU/lb) 
279.12 48.543 45.910 50.282 105.34 16.000 
279.21 48.479 45.972 50.268 105.29 18.000 
279.00 48.410 45.854 50.261 104.87 20.000 
278.89 48.136 45.540 50.234 94.874 22.000 
278.80 48.028 45.512 50.241 95.263 24.000 
277.54 47.578 45.042 50.242 90.294 26.000 
276.33 47.235 ~.655 50.203 92.048 28.000 
276.14 47.181 44.784 50.176 93.565 30.000 
275.45 46.965 44.507 50.136 94.977 32.000 
273.76 46.921 44.472 50.117 95.820 34.000 
273.07 46.714 44.278 50.104 96.909 36.000 
271.75 46.620 44.206 50.057 97.630 38.000 
271.63 46.55Q_ 44.129 50.023 98.223 40.000 
270.01 46.512 44.105 50.051 98.886 42.000 
270.38 46.454 44.028 50.Q45 99.U51 44.000 
27_0.60 46.312 43.840 50.038 99.125 46.(j0j) 
269.63 46.236 43.886 49.958 99.585 48.000 
2Q9.77 46.165 43.846 49.958 99.680 50.000 
268.96 46.152 43.787 49.952 100.05 52.000 
269.15 45.995 43.529 49.979 100.10 54.000 
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Refrigerant Refrigerant Refrigerant Refrigerant Refrigerant Time (sec.) 
Flow Rate Inlet Pressure Outlet Inlet Enthalpy Outlet 
(lb/hr) (psi) Pressure (psi) (BTU/lb) Enthalpy 
(BTU/lb) 
268.40 45.982 43.563 49.986 100.57 56.000 
267.23 45.993 43.565 50.026 100.73 58.000 
267.49 45.907 43.549 49.949 100.57· 60.000 
267.54 46.009 43.563 50.014 100.85 62.000 
267.23 45.956 43.607 50.007 100.91 64.000 
266.67 45.935 43.452 50.006 101.11 66.000 
267.01 45.822 43.470 50.007 101.07 68.000 
266.90 45.766 43.387 50.000 101.19 70.000 
266.33 45.694 43.265 49.987 101.10 72.000 
265.78 45.644 43.158 49.981 101.33 74.000 
266.26 45.659 43.201 50.007 101.28 76.000 
265.11 45.749 43.369 _~ __ ~81 101.48 78.000 
264.58 45.752 43.297 50.007 101.45 80.000 
264.14 45.617 43.174 50.121 101.85 82·QOO 
2j)4.12 45.757 43.414 50.142 101.73 84.000 
265.30 45.644 43.283 50.075 101.44 86.000 
263.55 45.537 43.153 50.081 101.59 88.000 
263.62 45.694 43.313 50.054 101.85 90.000 
262.89 45.643 43.360 50.035 101.77 92.000 
262.9~ 45.701 43.397 50.049 101.90 94 __ 090_ 
262.27 45.687 43.294 50.110 101.92 96.000 
261.82 45.588 43.155 50.150 101.95 98.000 
262.02 45.535 43.095 50.096 102.01 100.00 
262.20 45.593 43.158 50.150 101.77 102.00 
262.50 45.507 43.147 50.082 101.89 104.00 
261.96 45.484 43.202 50.075 101.94 106.00 
Change in Evaporator Air Flow 240-90 CFM. Air Data. 
Air Flow Rate Air Inlet Air Outlet Air Inlet Air Outlet Time (sec.)" 
(lblhr) Temperature Temperature Humidity Humidity 
fF) (Of') Ratio Ratio 
1145.5 92.318 47.156 0.0083771 0.0061515 10.000 
1144.4 92.300 47.156 0.0083666 0.0061492 12.000 
1144.7 92.372 47.156 0.0083696 0.0061482 14.000 
1144.1 92.354 47.192 0.OmS3696 0.0061485 16.000 
1148.3 92.336 47.228 0.0083717 0.0061931 18.000 
1146.5 92.336 47.210 0.0083483 0.0061511 20.000 
341.22 92.318 47.210 0.0083099 0.0061499 22.000 
318.39 92.246 46.724 0.0087655 0.0061485 24.000 
386.51 92.300 46.346 0.010965 0.0061504 26.000 
'422.09 92.480 45.914 0.013863 0.0061478 28.000 
432.29 92.750 45.446 0.016309 0.0061485 30.000 
396.43 92.966 44.960 0.017473 0.0061079 32.000 
100 
Air Flow Rate Air Inlet AirOut1et Air Inlet AirOutIet Time (sec.) 
(lb/hr) Temperature Temperature Humidity Humidity 
(OF) (OF) Ratio Ratio 
391.94 93.164 44.564 0.017995 U.0061U72 34.000 
396.84 _~3.41~ 44.078 0.018524 0.0060260 36.000 
394.69 93.632 43.736 0.018961 0.0059825 38.000 
398.00 93.848 43.376 Q.019197 0.0058645 40.UUU 
395.16 93.866 42.908 0.019282 0.0057848 42.000 
396.19 93.992 42.476 0.019297 0.0056653 44.000 
394.81 94.154 42.170 0.019421 0.0055878 46.000 
392.67 94.298 41.864 0.019444 0.0054728 48.000 
397.57 94.406 41.522 U.019480 0.0053576 5U.00U 
398.53 94.532 41.252 U.U19570 0.005246~ 52.UUU 
392.45 Y4.640 41.U36 U.U19575 0.0051400 54.Q9() 
395.7p Y4.6Y4 40.743_ 0.019488 0.0050689 56.000 
396.69 94.748 40.478 0.019417 0.0049992 58.000 
394.50 94.802 40.280 U.U19258 0.0048928 60.OUU 
395.41 94.874 40.082 0.019198 0.0048261 62.000 
394.74 94.910 39.812 0.019134 0.0048257 64.000 
395.60 94.892 39.668 0.019060 0.0047901 66.000 
396.53 94.820 39.434 0.018907 0.0047234 68.000 
395.86 94.85~ 39.200 0.018815 0.0046913 70.000 
396.67 95.000 39.200 0.018793 0.0046577 72.000 
394.42 94.982 38.984 0.018718 0.0046272 74.000 
396.06 94.892 38.840 0.018654 0.00~6255 76.000 
397.69 94.928 38.714 0.018524 0.0045923 78.000 
392.27 94.856 38.570 0.018423 0.0045605 80.000 
395.53 94.748 38.300 0.018327 0.0045623 82.000 
393.19 94.766 38.246 0.018327 0.0045605 84.000 
395.63 94.712 38.048 0.018299 0.0045629 86.000 
395.68 94.694 37.940 0.018205 0.0045625 88.000 
398.09 94.622 37.796 0.018188 0.0045612 90.000 
395.80 94.586 37.688 0.018080 0.0045286 92.000 
394.26 94.568 37.598 0.018096 0.0045288 94.000 
395.88 94.532 37.508 0.018085 0.0045273 96.000 
396.67 94.532 37.490 0.018097 0.0045277 98.000 
396.75 94.460 37.328 0.018046 0.0044983 100.00 
396.74 94.424 37.292 0.018040 0.0045299 102.00 
396.80 94.514 37.202 0.018042 0.0044981 104.00 
396.85 94.424 37.094 0.018015 0.0044985 106.00 
394.50 94.370 37.058 0.017982 0.0044987 108.00 
39_6.88 94.316 37.022 0.017925 0.0044992 110.00 
394.60 94.262 36.878 0.017803 0.0044653 112.00 
395.43 94.244 36.770 0.017770 0.0044659 114.00 
397.82 94.154 36.698 0.017770 0.0044657 116.00 
~95.52 94.190 36.608 0.017778 0.0044337 118.00 
397.10 94.136 36.590 0.017780 0.0044363 120.00 
395.56 94.118 36.500 0.017780 0.0044328 122.00 
394.81 94.064 36.446 0.017767 0.0044027 124.00 
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Air 
Humidity 
Ratio 
Change in Evaporator Air Flow 240-90 CFM. Refrigerant Data. 
Refrigerant Refrigerant Refrigerant Refrigerant Refrigerant 
Flow Rate Inlet Pressure Outlet Inlet Enthalpy Outlet 
(lb/hr) (psi) Pressure (psi) (BTU/lb) Enthalpy 
(BTU/lb) 
279.60 48.527 46.133 50.188 105.14 
281.05 48.§87 46.187 50.168 104.74 
279.52 48.551 46.132 50.148 105.12 
279.47 48.593 46.100 50.148 105.05 
279.04 48.544 46.118 50.174 105.11 
278.74 48.528 46.079 5J).155 105.17 
279.31 48.107 45.766 50.194 66.478 
278.47 46.688 44.544 50.155 66.086 
275.96 45.644 43.485 50.151 73.205 
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Time sec.) 
Time (sec.) 
10.000 
12.000 
14.000 
16.000 
18.000 
20.000 
22.000 
24.000 
26.000 
Refrigerant Refrigerant Refrigerant Remgerant Remgerant Tune (sec.) 
Flow Rate Inlet Pressure Outlet Inlet Enthalpy Outlet 
(lb/hr) (psi) Pressure (psi) (BTU/lb) Enthalpy 
(BTU lIb) 
272.51 45.467 43.124 50.1J.!6 ~0.7H4 2~OOO 
270.88 45.318 43.118 50.060 !S6.256 30.000 
266.45 45.049 42.731 50.027 86.000 32.000 
264.29 44.H27 42.5H8 49.974 ~1 34.000 
262.81 44.554 42.268 49.900 HH.785 36.000 
260.93 44.422 42.133 49.895 89.853 38.000 
260.97 44.132 41.818 49.795 90.890 40.000 
257.43 43.901 41.759 49.763 91.582 42.000 
256.10 43.773 41.576 ~9.709 92.292 ~UUO 
255.24 43.572 41.242 49.656 92.752 46.000 
1255.65 43.451 41.1H~ 149.609 ~2.HQl 4H.UUU 
255.99 43.174 40.992 ·49.603 93.700 50.000 
254.93 43.234 40.967 49.557 ~~4~7 52.uuu 
254.53 43.056 40.819 49.571 94.146 54.000 
253.32 42.987 4U.763 49.525 94.7H9 56.000 
250.77 42.877 40.700 49.532 95.485 58.000 
250.22 42.738 40.611 149.493 ~5~ 6U.ooU 
249.17 42.641 40.522 49.505 95.719 62.000 
249.16 42.542 40.334 49.499 95.641 64.000 
249.74 42.409 40.197 49.519 95.635 ~.uuu 
249.58 42.282 40.058 49.466 95.629 i 68.000 
249.32 42.250 40.141 49.426 95.555 70.000 
246.75 42.244 40.069 49.534 96.316 72.000 
245.84 42.167 40.034 149.568 196.254 74.000 
245.05 42.090 39.936 49.527 96.467 76.000 
244.80 42.025 39.904 49.568 96.639 78.000 
244.79 41.952 39.69§ 49.669 ~~2 ~.OOO 
244.98 41.846 39.724 49.595 96.167 82.000 
243.35 41.794 39.746 49.575 96.213 84.000 
242.65 41.822 39.775 49.609 ~73 86.000 
242.15 41.709 39.607 49.589 96.622 ·88.000 
241.49 41.686 39.646 49.630 97.079 90.UOO 
239.85 41.544 39.409 49.569 96.958 92.000 
239.70 41.409 39.306 49.616 96.908 . 94.000 
239.34 41.419 39.347 49.643 97.203 96.000 
239.00 41.384 39.327 49.597 97.34~ 9H.UUU 
238.93 41.394 39.368 49.603 97.374 100.00 
230.84 41.356 39.368 49.630 97.753 102.00 
235.96 41.367 39.398 49.618 98.061 104.00 
235.25 41.278 39.356 49.645 98.1~5 106.00 
235.40 41.169 39.104 49.712 97.876 108.00 
235.46 41.162 39.17H 49.745 98 __ Q72 110.00 
235.58 41.171 39.194 49.738 97.634 112.00 
235.13 40.968 38.901 49.577 97.64(j 114.00 
234.79 40.945 38.985 49.672 98.088 116.00 
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Refrigerant Refrigerant Refrigerant Remgerant Refrigerant Time (sec.) 
Flow Rate Inlet Pressure Outlet Inlet Enthalpy Outlet 
(lbJhr) (psi) Pressure (psi) (BTU/lb) Enthalpy 
(BTU/lb) 
234.08 40.904 38.873 49.672 98.079 118.00 
233.79 40.888 38.866 49.672 98.3US 120.00 
231.93 41.U27 39.040 49.645 98.525 122.UO 
232.56 40.860 38.864 49.632 98.320 124.00 
233.23 40.696 38.644 49.686 98.441 126.00 
2~3.97 4U.728 38.618 49.585 97.564 128.00 
234.24 40.714 38.647 49.599 97.564 130.00 
232.88 40.766 38.778 49.484 98.046 132.00 
232.69 40.658 38.630 49.538 98.034 134.00 
231.78 4!J.780 38.714 49.545 98.303 136.00 
230.50 4U.6UO 38.619 49.572 98.479 138.00 
230.15 40.511 38.492 4~.6U6 98.422 140.00 
231.04 40.458 38.499 49.585 98.400 142.00 
231.62 40.498 38.452 49.646 98.176 144.00 
231.69 40.379 38A03 49.653 98.5~0 146.00 
231.9~ 40.504 38.451 4~.579 98.118 148.00 
231.41 40.421 38.348 49.586 98.173 15U.00 
229.54 40.477 38.495 49.593 98.434 152.00 
229.20 40.382 38.343 49.640 99.305 154.00 . 
229.32 40.285 38.231 49.654. 98.496 156.00 
230.03 40.257 38.275 49.626 98.428 158.00 
230.01 40.229 38.256 49.626 98.615 160.00 
229.10 40.24~ 38.222 49.613 98.562 162.00 
228.50 40.204 38.271 49.539 98.245 164.00 
228.13 40.203 38.243 49.567 98.472 166.00 
227.97 40.166 38.238 49.594 98.442 168.00 
227.93 40.252 38.256 49.533 98.859 170.00 
227.95 40.167 38.119 49.526 98.466 172.00 
228.73 40.113 38.152 49.513 98.635 174.00 
228.39 39.987 38.013 49.505 98.396 176.00 
229.65 40.018 . 37.979 49.547 98.031 178.00 
229.58 40.097 38.194 49.620 98.320 180.00 
Change in Evaporator Air Temperature 90-105 Of'. Air Data. 
Air Flow Rate Air Inlet Air Outlet Air Inlet Air Outlet Time (sec.) 
(lbJhr) Temperature Temperature Humidity Humidity 
~F) ~ Ratio Ratio 
825.41 92.498 41.954 0.0093853 0.0051757 10.000 
830.17 92.480 41.918 0.0093929 0.0051400 12.000 
826.14 92.480 42.026 0.0093790 0.0051727 14.000 
826.57 92.444 41.972 0.0093658 0.0051763 16.000 
829.63 92.498 42.044 0.0093923 0.0051747 18.000 
825.75 92.588 42.026 0.0095463 0.0051731 20.000 
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Air Flow Rate Air Inlet Air Outlet Air Inlet Air Outlet Time (sec.) 
(lb/hr) Temperature Temperature Humidity Humidity 
fF) fF) Ratio Ratio 
820.22 93.164 42.062 0.010030 0.0051749 22.000 
815.48 93.866 42.080 0.010639 0.0051723 24.000 
815.78 94.748 42.170 0.011175 0.0051778 26.000 
811.73 95.648 42.278 0.011684 0.0051741 28.000 
809.23 96.638 42.422 0.012128 0.(J(}51739 30.000 
810.34 97.646 42.512 0·Rl2451 0.0051749 32.000 
809.33 98.636 42.728 0.012771 . 0.0052103 34.000 
807.17 99.554 42.854 0.013005 0.0052491 36.000 
802.97 100.51 43.052 0.013234 0.0052845 38.000 
804.83 101.30 43.232 0.013165 0.0052837 40.000 
809.74 101.80 43.430 0.012934 0.0053574 42.000 
811.54 102.15 43.592 0.012583 0.0053949 44.000 
811.38 102.36 43.700 0.012304 0.0054333 46.000 
812.37 102.65 43.826 0.012063 0.0055089 48.000 
812.26 102.90 43.898 0.011908 0.0055469 50.000 
810.93 103.08 44.006 0.011755 0.0055870 52.000 
~10.46 103.28 44.024 _0.011720 0.0056255 54.000 
808.39 103.62 44.132 0.011688 0.0056226 56.000 
807.84 103.96 44.240 0.011686 0.0056658 58.000 
811.03 104.20 44.222 0.011706 0.0056640 60.000 
809.37 104.49 44.312 0.011748 0.0056629 ~2.000 
807.66 104.70 44.402 0.011727 0.0057023 64.000 
810.82 104.86 44.402 0.011730 0.0057021 66.Q00 
812.37 105.13 44.438 0.011718 0.0057021 68.000 
813.94 105.37 44.456 0.011658 0.0057039 70.000 
809.09 105.58 44.600 0.011640 0.0057008 72.000 
809.13 105.71 44.546 0.011637 0.0057019 74.000 
813.73 105.93 44.708 0.011608 0.0056997 76.000 
812.51 106.09 44.762 0.011580 0.0057008 78.000 
812.78 106.29 44.906 0.011550 0.0057028 80.000 
813.15 106.39 44.942 0.011516 0.0057032 82.000 
811.50 106.57 44.942 0.011507 0.0057404 84.000 
810.77 106.63 44.888 0.011466 0.0057402 86.000 
809.54 106.74 44.942 0.011476 0.0057404 88.000 
812.68 106.84 44.978 0.011475 0.0057382 90.000 
812.63 107.08 45.032 0.011457 0.0057402 92.000 
810.96 107.11 45.068 0.011416 0.0057819 94.000 
812.02 107.24 45.212 0.011435 0.0057844 96.QOO 
809.33 107.24 45.122 0.011424 0.0057803 98.000 
810.92 107.42 45.122 0.011411 0.0057826 100.00 
813.65 107.47 45.158 0.011374 0.0057821 102.00 
812.43 107.58 45.194 0.011375 0.0057830 104.00 
810.81 107.74 45.248 0.011358 0.0057785 106.00 
808.40 107.80 45.230 0.011359 0.OQ58198 108.00 
809.50 107.92 45.338 0.011361 0.0058191 110.00 
808.35 107.96 45.302 0.011347 0.0058219 112.00 
105 
Air Flow Rate Air Inlet Air Outlet Air Inlet Air Outlet . Time (sec.) 
(lb/hr) Temperature Temperatme Humidity Humidity 
fF) fF) Ratio Ratio 
810.64 108.01 45.392 0.011317 0.0058207 114.00 
809.02 108.07 45.446 0.01129~ 0.0058196 116.00 
811.08 198 ___ 12 45.338 0.011273 0.0058230 118.00 
811.00 108.14 45.428 0.011259 0.0058200 120.00 
809.42 108.21 45.428 0.011237 0.0058198 122.00 
812.17 108.27 45.446 0.011257 0.0058200 124.00 
810.91 108.34 45.536 0.011250 ·0.0058223 126.00 
810.87 108.39 45.590 0.011246 0.0058207 128.00 
809.29 108.45 45.590 0.011~0~ 0.0058225 130.00 
812.84 108.52 45.590 0.011177 0.0058191 132.00 
807.99 108.55 45.662 0.011188 O.lH)."\XhlH) 134.00 
808.01 1!J8.63 45.644 0.011209 0.0058609 136.00 
807.26 108.63 45.590 0.011162 0.0058639 138.00 
811.13 108.73 45.680 0.Ql1175 0.005~63~ 140.00 
JS08.74 108.75 45.716 0.011156 0.0058632 142.00 
811.92 108.77 45.680 0.011120 0.0058643 144.00 
812.41 108.72 45.572 0.011075 0.0058611 146.00 
810.01 108.75 45.626 0.011054 0.0058629 148.00 
810.40 108.81 45.626 0.011067 0.0058591 150.00 
813.16 108.73 45.608 0.011046 0.0058636 152.00 
815.03 108.75 45.716 0.011032 0.0058607 154·00_ 
813.00 108.88 45.806 0.0 II 057 0.0058632 156.00 
811.00 108.88 45.842 0.Oll079 0.005~639 158.00 
812.56 108.93 45.860 0.011054 0.0058605 160.00 
808.66 108.84 45.824 0.011035 0.0058598 162.00 
811.87 108.88 45.752 0.Oll022 0.0058614 164.00 
814.ll 108.84 45.824 0.011018 0.0059002 166.00 
811.01 108.88 45.842 0.010995 0.0058586 168.00 
813.40 108.90 45.806 0.010944 0.0058623 170.00 
811.77 108.86 45.788 0.010937 0.0059025 172.00 
810.99 108.84 45.788 0.010964 0.0058995 174.00 
808.60 108.90 45.824 0.010936· OJ!O~8983 176.00 
808.21 108.93 45.824 0.010945 0.0058995 178.00 
811.75 108.97 45.824 0.010912 0.0059011 180.00 
809.75 108.88 45.860 0.010951 0.uu59016 182.00_ 
810.15 108.88 45.842 0.010909 0.005~016 184.00 
810.15 108.95 45.842 0.010858 0.0059006 186.00 
805.75 108.93 45.914 0.010868 0.0059004 188.00 
812.87 108.97 45.89~ 0.010860 0.0059022 190.00 
810.11 108.95 45.914 0.010865 0.0059016 192.00 
817.95 108.93 45.914 0.010870 0.0059029 194.00 
812.42 108.93 45.968 0.010842 0.0059016 196.00 
814.72 108.99 46.022 0.0l0846 0.005~O48_ 198.00 
812.32 109.02 46.022 0.010813 0.0059441 200.00 
812.66 108.99 46.076 0.010797 0.0059445 202.00 
813.91 108.93 45.986 0.010787 0.0059415 204.00 
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Time (sec.) 
Change in Evaporator Air Flow 90-105 Of. Refrigerant Data. 
Refrigerant Refrigerant Refrigerant Refrigerant Refrigerant Time (sec.) 
Flow Rate Inlet Pressure Outlet Inlet Enthalpy Outlet 
(lb/hr) (psi) Pressure (psi) (BTU/lb) Enthalpy 
(BTU/lb) 
257.57 44.996 42.738 49.910 104.02 10.000 
257.20 45.056 42.728 49.930 104.60 12.000 
257.24 44.958 42.578 49.910 104.06 14.000 
257.44 45.056 42.722 49.977 104.07 16.000 
257.51 44.833 42.539 49.984 104.34 18.000 
258.36 44.911 42.565 49.923 104.48 20.000 
258.99 45.104 42.618 49.943 106.11 . 22.000 
258.77 45.275 43.047 49.883 108.42 24.000 
258.19 45.340 43.120 49.970 111.12 26.000 
258.03 45.493 43.146 49.916 113.19 28.000 
259.43 45.757 43.250 49.909 114.83 30.000 
260.85 45.965 43.542 49.916 116.38 32.000 
261.32 46.048 43.618 49.962 117.79 34.000 
262.17 46.236 43.926 49.995 11~69 36.000 
262.94 46.237 43.798 50.015 119.38 38.000 
264.57 46.561 44.145 50.028 119.35 40.000 
265.41 46.741 44.167 50.075 118.81 42.000 
2Q5.57 46.701 44.147 50.081 117.76 44.000 
266.01 46.648 44.229 50.101 116.66 46.000 
266.52 46.813 44.255 50.134 115.71 48.000 
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Refrigerant Refrigerant Refrigerant Refrigerant Refrigerant Time (see.) 
Flow Rate Inlet Pressure Outlet Inlet Enthalpy Outlet 
(lblhr) (psi) Pressure (psi) (BTU/lb) Enthalpy 
(BTU/lb) 
267.43 46.841 44.447 50.107 11~94 50.000 
~8.45 46.783 44.376 50.14Q 114.03 52.000 
268.33 46.993 44.575 50.174 113.95 54.000 
267.44 46.870 44.386 50.174 114.07 56.000 
266 • .52 46.850 44.450 50.161 114.2~ ~8.000 
_267.0,! 46~~ 44.53~ 50.20J 114.70 60.000 
267.50 46.938 44.484 50.207 114.75 62.000 
267.84 47.084 44.556 50.207 114.43 64.000 
267.91 47.021 44.607 50.268 114.85 66.000 
268.33 47.028 44.570 50.153 11~ 68'()()() 
267.98 47.044 44.688 50.160 115.06 70.000 
267.44 47.246 44.814 50.113 114.77 72.000 
267.79 47.210 44.569 50.127 114.82 74.000 
268.42 47.208 44.708 50.153 115.01 76·900 
269.65 47.180 44.700 50.099 114.55 78.000 
270.27 47.273 44.833 50.105 114.36 80 __ 000 
270.16 47.238 44.883 50.118 114.37 8~-"--OOO 
270.24 47.325 44.914 50.152 114.23 84.000 
269.41 47.340 44.993 50.166 114.33 86.000 
~~~.87 47.514 45.075 50.227 114.26 88.00Q 
269.92 47.494 44.975 50.173 114.50 90.000 
271.23 47.428 44.943 50.192 114.27 92.000 
271.57 47.491 45.007 50.145 113.74 94.000 
271.30 47.553 45.132 50.104 113.89 96.QQQ 
271.99 47.693 45.161 50.104 113.56 98.000 
272.43 47.681 45.125 50.117 113.67 100.00 
272.93 47.625 45.187 50.091 113&_3 102.00 
272.99 47.578 45.057 50.104 113.59 104.00 
273.43 47.657 45.141 50.164 113.46 106.00 
273.38 47.597 45.082 50.184 113.23 108.00 
273.65 47.739 45.209 50.164 113.25 11'1.00 
273.65 47.590 45.105 50.150 113.15 112.00 
273.31 47.796 45.221 50.225 113.36 114.00 
274.10 47.661 45.187 50.205 112.96. 116.00 
272.68 47.647 45.113 50.198 113.48 118.00 
272.97 ~7.777 45.209 50.198_ 113.32 120.00 
273.33 47.668 45.132 50.164 113.06 122.00 
273.40 47.897 45.223 50.130 113.31 124.00 
273.:~O 47.766 45.234 50.171 113.24 126.00 
273.51 48.000 45.581 50.171 113.18 128.00 
273.33 47.868 45.315 50.130 112.96 130.00 
273.66 47.833 45.251 50.117 113.11 132.00 
274.11 47.875 45.374 50.124 112.52 134.00 
275.09 47.832 45.331 50.123 112.43 136·Y(! 
275.23 47.819 45.414 50.157 112.25 138.00 
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Refrigerant Refrigerant Refrigerant Refrigerant Refrigerant Time (sec.) 
Flow Rate Inlet Pressure Outlet Inlet Enthalpy Outlet 
(lblhr) (psi) Pressure (psi) (BTU/lb) Enthalpy 
(BTU/lb) 
_2'74.80 47.8~~ 45.36~ 5_0.150 112.6~_ 11().OO 
275.14 47.919 45.473 50.136 112.34 142.00 
275.23 47.825 45.354 50.102 112.45 144.00 
275.29 47.952 45.361 50.149 112.42 146.~O 
275.65 47.806 45.254 50.169 112.09 148.00 
275-90 47.928 45.403 50.21U 112.40 150.00 
275.56 47.846 45.310 50.230 112.39 152.00 
275.54 47.~O2 45.4U9 5U~64 112.47 154.00 
275.48 47.970 45.407 50.303 112.47 156.00 
275.80 47.~~1 45.461 50.317 112.3U 158.00 
276.35 48.154 45.599 50.277 112.21 16q.00 
275.84 47.975 45.472 50.236 111.89 162.00 
275.98 48.084 45.496 50.222 112.12 164.00 
275.65 47.987 45.422 50.236 112.16 166.00 
275.76 4~.116 45.606 5U.230 111.96 168.00 
275.49 47.985 45.549 50.250 112.08 J70.()(J 
275.02 47.977 45.493 50.289 111.94 172.00 
275.32 4~.U91 45.643 5U.270 111.88 174.0U 
275.42 47.967 45.484 50.236 111.57 176.00 . 
276.37 47.868 45.327 5U.304 111.45 178.00 
275.7U 48.084 45.470 50.304 111.78 180.00 
275.86 47.910 45.334 50.277 111.60 182.0U 
276.25 47.971 45.353 50.289 111.43 184.00 
276.41 47.924 45.273 50.256 111.25 186.00 
276.46 48.056 45.493 50.297 110.92 188.00 
27_6.58 48_.125 45.602 50.310 111.45 190.00 
276.55 48.083 45.553 50.250 111.1~ 192.00 
276.14 48.021 45.534 50.256 111.86 194.00 
276.14 48.035 45.575 50.283 111.35 196.00 
275.33 48.134 45.494 50.290 111.72 198.00 
275.29 47.986 45.529 50.303 111.35 . 200.00 
276.34 48.015 45.486 50.277 111.00 202.00 
276.10 47.989 45.405 5U.270 111.14 204.00 
27§.23 48.047 45.444 50.283 111.16· 206.UO 
275.47 48.151 45.516 50.25U 11U.91 208.00 
276.22 48.0U9 45.504 50.277 111.03 210.00 
276.04 48.039 45.598 50.243 111.20 212.00 
275.~3 48.1U2 45.555 5Q.229 111.11 214.00 
276.54 48.067 45.550 50.175 110.46 216.0U 
276.09 4~.131 45.609 50.249 110.70 218.00 
275.96 48.020 45.504 50.296 110.53 220.00 
277.31 48.096 45.607 50.290 110.50 222.00 
277.22 48.104 45.659 50.343 110.59 224.00 
277.33 48.159 45.708 50.303 110.46 226.00 
276.15 47.989 45.637 50.290 110.60 228.00 
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Refrigerant Refrigerant Refrigerant Refrigerant Refrigerant Time (sec.) 
Flow Rate Inlet Pressure Outlet Inlet Enthalpy Outlet 
(lb/hr) (psi) Pressure (psi) (BTU/lb) Enthalpy 
(BTU/lb) 
275.69 48.049 45.567 50.297 110.48 230.00 
27~()5 4H.042 45.5YQ 5U.31U 110.36 232.00 
275.H3 4H.1H5 45.713 5U.283 11U.69 234.UU 
275.94 48.197 45.674 50.296 110.74 236.00 
276.76 4H.131 45.565 5(j.296 110.32 2_~8.0Q 
276.46 48.020 45.444 50.310 110.44 240.00 
276.74 48.20H 45.633 50.296 110.18 242.00 
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APPENDIX B . MODEL DEVELOPMENT PROGRAMS 
Least Squares 
Least Squares Program 
Written by Sean A. Smith for ME 423 HW 1 
This program uses the least square subroutine provided by Prof. Pedersen. 
LET nobs = 88 
LET ncoef = 2 
LET nvar = 5 
Number of Obs~rvations in data matrix 
Number of coefficients for least square 
number of variables in data matrix 
DIM Tc(l),te(l),y(l),yc(l),f(l,l),coef(l),data(l,l) 
! 
OPEN #1: NAME "evap pressure models" ,ACCESS INPUT, ORG TEXT 
!Data file 
OPEN #2: NAME "OUTPUT", CREATE "NEWOLD" 
ERASE #2 
! 
MAT REDIM data (nobs, nvar) 
MAT INPUT #1: DATA 
MAT y=zer (nobs) 
MAT yc=zer(nobs) 
MAT f=zer(nobs,ncoef) 
MAT coef=zer(ncoef) 
Read data file 
Resize and In itialize 
Fill Y and F Matrix for use in Least Squares subroutine 
Define function for multi-varible linear model 
FOR i=l TO nobs 
LET y(i)= data(i,1)-data(i,2) 
LET f(i,l)= data(i,S)A2/«data(i,3)+data(i,4»/2) 
LET f(i,2)= data(i,S)A2/«data(i,3)+data(i,4»/2)/ 
(O.S*data(i,S)/data(i,3)+O.S*data(i,S)/data(i,4»AO.SS 
!LET f(i,3)= 
!LET f(i,4)= 
!LET f(i,S)= 
NEXT i 
Least Square subroutine 
CALL least(f,y,yc,coef,detr) 
!************************** Printing the results ************************** 
* coefficients 
PRINT #2:" The coefficients are:" 
PRINT #2: 
PRINT "The coefficients are:" 
PRINT 
FOR i=l TO ncoef 
PRINT #2: "C";i,coef(i) 
PRINT "C";i,coef(i) 
NEXT i 
PRINT 
* predicted vs actual data 
PRINT "observation","actual","predicted","difference" 
PRINT 12: 
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PRINT '2:nobservationn,nactualn,"predictedn,ndifferencen 
FOR i = 1 to nobs 
LET dif = ABS(y(i)-yc(i» 
IPRINT i,y(i),yc(i),dif 
PRINT '2: i,y(i),yc(i),dif 
NEXTi 
LET maxdiff = 0 
LET Imse = 0 
LET sum = 0 
I 
FOR i=1 to nobs 
* Statistics etc. 
IF abs(y(i)-yc(i»>maxdiff then LET maxdiff=abs(y(i)-yc(i» 
LET sum = sum + (y(i)-yc(i»A2 
NEXTi 
I 
LET Imse = (sum/nobs)AO.S 
I 
PRINT '2: 
PRINT #2: "Matrix deteIminant: " ; detr 
PRINT #2:"Max absolute difference: n;maxdiff 
PRINT #2: "Root Mean Square Error: " ; Imse 
PRINT 
PRINT nMatrix deteIminant: ";detr 
PRINT nMax absolute difference: ";maxdiff 
PRINT "Root Mean Square Error: " ; ImSe 
END 
SUB Least(f(,),y(),yc(),coef(),detr) 
IAuthor: c 0 Pedersen, Univ. of ill 
IPurpose: 
I Subroutine to do least squares fit using nOImal equations 
Inputs: 
f(nobs,ncoef) = array of function values evaluated 
at the observation points 
y(nobs) = array of dependent variable values 
Output: 
nobs= 
ncoef= 
coef(ncoef) = 
yc (nobs) = 
detr = 
DIM ft(10,SO) 
number of observations 
number of coefficients in fit 
array of coefficients 
calculated values of fit 
corresponding to y 
the value of the deteIminant of ftf 
(indicates condition and possible 
bad fit) 
DIM ftf(10,10),fty(10),ftfinv(10,lO) 
LET ncoef=size(coef) ! number of coefficients in model 
LET nobs=size(y) ! number of observations (data points) 
!Resize and initialize 
MAT yc=zer(nobs) 
MAT ft=zer(ncoef,nobs) 
MAT ftf=zer(ncoef,ncoef) 
MAT fty=zer(ncoef) 
112 . 
MAT coef=zer(ncoef) 
MAT ftfinv=zer(ncoef,ncoef) 
!Set up normal equation system 
MAT ft=trn (f) 
MAT ftf=ft*f 
MAT fty=ft*y 
!Solve the linear system 
MAT ftfinv=inv (ftf) 
MAT coef=ftfinv*fty 
!Calculate the fit at obs points 
MAT yC=f*coef 
LET detr=det (ftf) 
END SUB 
Non-Linear Least Squares 
! Non linear Least Squares Program 
! Written by Sean A. Smith 
! 
LET delta = 0.0001 used in calculating derivatives 
LET nobs = 88 number of data observations 
LET ncoef = 3 number of coefficients in equation 
LET nvar = 12 number of variables in data matrix 
DIM y(l),coef(l),data(l,l),yc(l),dirv(l,l),a(l),dely(l),dcoef(l),duml(l) 
OPEN 11: NAME nevap models 2-16-93n ,ACCESS INPUT, ORG TEXT 
!Data file 
OPEN 12: NAME "OUTPUT", CREATE "NEWOLDn 
ERASE #2 
MAT REDIM data(nobs,nvar) 
MAT INPUT 11: data 
MAT y = zer (nobs) . 
MAT yc = zer(nobs) 
MAT dely = zer(nobs) 
MAT coef = zer(ncoef) 
MAT dirv = zer(nobs,ncoef) 
MAT a = zer(ncoef) 
! input the equation form for nonlinear fit here 
DEF func(coef(),data(,),i) 
LET havq=(data(i,5)+data(i,6»/2 
LET ac=coef(1)*le-4 
LET b=coef(2)*le-2 
LET c=coef(3) 
LET aa=-3.2373 
LET bb=0.47417 
LET q=(havg-aa-bb*data(i,11»/(ac+b/data(i,1)A.5+bb*c/data(i,10)A.8) 
LET func=q 
END DEF 
! initial guesses 
MAT READ coef 
DATA -4.0,2.0,0.1 
! iteration 
LET Ii = 1 
LET change = 0 
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FOR i=l TO nebs 
LET y(i) = data(i,1)*(data(i,5)-data(i,6» 
NEXT i 
DO 
PRINT niteration :n;li,nchange :n;change 
PRINl' n coef : n, 
MAT PRINT coef 
! delta y matrix setup 
FOR i=l TO nobs 
LET yc(i) = func(coef,data,i) 
LET de1y(i) = y(i) - yc(i) 
NEXTi 
! derivative matrix setup 
MAT a = coef 
FOR i = 1 TO nebs 
FOR j = 1 TO ncoef 
LET a(j) = a(j) - delta 
LET ycd = func(a,data,i) 
LET dirv(i,j) = (yc(i)-ycd)/de1ta 
MAT a = coef 
NEXT j 
NEXT i 
CALL 1east(dirv,de1y,duml,dcoef,dum2) 
MAT coef = coef + dcoef 
LET change = 0 
FOR i = 1 TO ncoef 
LET change = change + abs(dcoef(i}) 
NEXTi 
LET 1i = 11+1 
LOOP UNTIL change < 1e-7 or Ii > 30 
FOR i=l TO nobs 
LET yc(i) = func(coef,data,i) 
NEXTi 
!************************** Printing the results ************************** 
* coefficients 
PRINT 12: n The coefficients are: n 
PRINT 12: 
PRINT "The coefficients are:" 
PRINT 
FOR i=l TO ncoef 
PRINT 12: "C";i,coef(i) 
PRINT nC";i,coef(i) 
NEXTi 
PRINT 
* predicted vs actual data 
PRINT nobservation","actual","predicted","difference" 
PRINT 12: 
PRINT #2: "observation", "actual", "predictedn,"difference" 
FOR i = 1 to nobs 
LET dif = ABS(y(i)-yc(i» 
PRINT #2: i,y(i),yc(i),dif 
NEXTi 
LET maxdiff = 0 
LET rInse = 0 
LET sum = 0 
! 
FOR i=l to nobs 
* Statistics etc. 
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IF abs(y(i)-yc(i»>maxdiff then LET maxdiff=abs(y(i)-yc(i» 
LET sum = sum + (y(i)-yc(i»A2 
NEXTi 
LET rmse = (sum/nobs)AO.5 
#2: PRINT 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT 
END 
#2:"Max absolute difference: ";maxdiff 
#2: "Root Mean Square Error: "; nnse 
"Max absolute difference: ";maxdiff 
"Root Mean Square Error: "; nnse 
! ************* END OF MAIN ******************* 
SUB Least(f(,),y(),yc(),coef(),detr) 
!Author: c 0 Pedersen, Univ. of ill 
I Purpose: 
Subroutine to do least squares fit using nonnal equations 
Inputs: 
f(nobs,ncoef) = array of function values evaluated 
at the observation points 
y(nobs) = array of dependent variable values 
nobs= number of observations 
ncoef= number of coefficients in fit 
OUtput: 
coef(ncoef) 
yc (nobs) = 
detr = 
DIM ft(lO,50) 
array of coefficients 
calculated values of fit 
corresponding to y 
the value of the detenninant of ftf 
(indicates condition and possible 
bad fit) 
DIM ftf(lO,lO),fty(lO),ftfinv(lO,lO) 
LET ncoef=size(coef) ! number of coefficients in model 
LET nobs=size(y) number of observations (data points) 
!Resize and initialize 
MAT yc=zer (nobs) 
MAT ft=zer(ncoef,nobs) 
MAT ftf=zer(ncoef,ncoef) 
MAT fty=zer(ncoef) 
MAT coef=zer(ncoef) 
MAT ftfinv=zer(ncoef,ncoef) 
!Set up normal equation system 
MAT ft=trn (f) 
MAT ftf=ft*f 
MAT fty=ft*y 
!Solve the linear system 
MAT ftfinv=inv(ftf) 
MAT coef=ftfinv*fty 
!Calculate the fit at obs points 
MAT yc=f*coef 
LET d.etr=det (ftf) 
END SUB 
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Marquardt Search Routine 
Program written by Sean A. Smith on April 8, 1992 
This program uses the Marquardt's method for optimization. 
The Marquardt's method is a Newton method that determines the maximum 
slope in an optimization and does a search in the direction of the 
slope. This program is set up for parameter estimation, however it 
could be set up to minimize any function 
SET MARGIN 100 
! Setting Initial parameters for solving the optimization problem. 
! 
LET delta = 5e-6 
LET ncoef = 5 
Used in solving for derivatives - 1e-5 
be changed in 
! Number of independent coefficients that can 
an optimization 
! 
Function to be minimized. The function can be anything, including a 
simulation or in this case the sum of the squared error. The function 
is at the end of the main program before any subroutines. 
DECLARE DEF func 
! 
! Data for initial Guesses as a starting point for the search 
DATA 6.6097,2.2991,-9.2565,2.5557,1.0501 
! 
! Dimension arrays and set initial conditions for the procedure 
! 
DIM coef(l),change(l),unit(l) 
MAT coef = zer(ncoef) coefficient matrix 
MAT change = zer(ncoef) 
MAT unit = zer(ncoef) 
change in coef at each time step 
unit vector in direction of gradient 
! 
! read initial guesses 
MAT READ coef 
! ***** Main Marquardt's program begins here. 
! 
LET nloops = 1 
LET mintemp=le10 
DO 
PRINT "Iteration 
PRINT "The Coefficients 
MAT PRINT coef 
PRINT "Function calls:", 
:"i nloops 
• 11 • 
. , 
CALL direction(coef,delta,unit,ncoef,nloops) 
CALL distance(coef,delta,unit,change,ncoef) 
PRINT 
PRINT "Changes 
MAT PRINT change 
MAT coef = coef + change 
LET mintempold=mintemp 
LET mintemp=func (coef () ) 
• II • 
. , 
LET minchange = mintempold-mintemp 
PRINT "So far the minimum is:" ;mintemp 
LET ERR=DOT(change,change) 
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**** 
LET ERR=err"O. 5 
LET XNORM = DOT(coef,coef) 
LET XNORM = XNORM"0.5 
LET nloops = nloops + 1 
PRINT 
IF err < 1e-10*xnorm AND minchange < 1e-8*mintemp THEN LET terminate = 1 
LOOP UNTIL terminate = 1 OR nloops > 25 ! Terminate loop 
! 
! Printing routine: output to the screen 
! 
IF nloops >100 then 
PRINT "The solution did not converge in the required number of iterations." 
END IF 
LET mmfinal = func(coef) 
PRINT "The minimum of the function is:" :mmfinal 
PRINT "The coefficients are:" 
FOR i = 1 to ncoef 
PRINT "coef(";i;") =";coef(i) 
NEXTi 
END ! End of main program 
***************************************************~******************** 
Function to be minimized 
DEF func(coef(» 
! Function to be minimized. The function can be anything, including a 
! simulation or in this case the sum of the squared error. 
PRINT "X"; 
CALL simulation(coef,error) 
LET func=error 
END DEF 
SUB direction(coef() ,delta,unit() ,ncoef,nloops) 
! This subroutine determines the unit vector (Sk) 
! Marquardt's method. 
DIM gradient(l),id(l,l),a(l,l),c(l),sk(l) 
DECLARE DEF func. 
MAT id=idn(ncoef,ncoef) 
MAT gradient=zer(ncoef) 
MAT a=ZER(ncoef,ncoef) 
MAT c=zer(ncoef) 
identity matrix 
gradient vector 
Hessian 
alternate c matrix 
to be used in the 
MAT sk=zer(ncoef) Sk vector used in Marq~ardt's method 
LET f1=func(coef) 
Evaluation of the 
FOR i = 1 to ncoef 
MAT c=coef 
! base function for evaluating derivatives 
gradient vector 
LET c(i)=c(i)+delta*coef(i) 
LET f2=func(c(» 
LET gradient(i)=(f2-f1)/(delta*coef(i» 
NEXTi 
IF nloops>2 THEN 
! Eval uation of lambda used in Marquardt's method 
LET lambda = lOOOOO*3" (-nloops) 
! 
Evaluation of the Hessian matrix 
FOR i = 1 TO ncoef 
MAT c=coef 
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LET c(i)=c(i)+delta*coef(i) 
LET f3=func(c) 
FOR j = i TO ncoef 
MAT c=coef 
LET c(j)=c(j)+delta*coef(j) 
LET f2=func(c) 
LET c(i)=c(i)+delta*coef(i) 
LET f 4=func (c) 
LET a(i,j)=(f4-f3-f2+fl)/(deltaA2*coef(i)*coef(j» 
LET a(j,i)=a(i,j) ! The Hessian Matrix is Semetric & this 
saves function calls 
NEXT j 
NEXTi 
MAT id=lambda*id 
MAT id=a+id 
MAT id=INV (id) 
MAT sk=id*gradient direction vector 
ELSE 
MAT sk=gradient 
END IF 
LET mag = 0 
FOR i = 1 to ncoef 
LET mag = mag + sk(i)A2 
NEXT i 
LET mag=ma~ (0.5) magnitude of direction vector 
MAT unit=(-l/mag)*sk unit direction vector 
END SUB 
SUB distance(coef(),delta,unit(),change(),ncoef) 
! This subroutine determines the distance to be used in the 
! Marquardt's method of optimization. A search will be done in the 
! direction of the unit vector for the minimum. 
DIM c(l),munit(l) 
DECLARE DEF func 
MAT c=zer(ncoef) 
MAT munit=zer(ncoef) 
LET fl=func(coef) 
LET dist=l ! distance to travel in the unit vector direction 
LET scale = DOT(coef,coef) 
LET scale=scaleA(0.5) 
LET scale = scale/10 
! 
! magnitude of coefficient vector 
! Scale for dist 
! This loop determines the bounds to be used for the search. 
00 
MAT c=coef 
LET m=dist*scale 
MAT munit=m*unit 
MAT c=c+muni t 
LET f2=func (c) 
IF f2<fl THEN 
LET fl=f2 
ELSE 
EXIT DO 
END IF 
LET dist=dist*2 
LOOP 
IF dist>l then 
LET bO=dist*scale/2 
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LET bl=dist*scale 
LET conv=O.Ol Convergence criteria = conv*sca1e 
ELSE 
LET bO=O 
LET bl=dist*scale 
LET conv=Se-8 ! Convergence criteria = conv*scale 
END IF 
This Loop detennines the minimum between bO and bl. The convergence 
! of this approach is loose if the distance to the minimum is large 
! and tight if the distance to the minimum is small. f (bO) =f1 
! and f(b1)=f2 are already defined from the previQus loop. 
DO 
MAT c=coef 
LET m=(bO+b1)/2 
MAT muni t=m*uni t 
MAT c=c+muni t 
LET f3=func (c) 
IF f3>f1 and f3>f2 then 
PRINl' 
PRINT "The function is not unimodal and no minimum can be found" 
exit do 
ELSE IF f1<f2 THEN 
LET f2=f3 
LET b1=m m is current minimum 
ELSE IF f2<f1 THEN 
LET f1=f3 
LET bO=m m is current minimum 
ELSE F1=F2 
LET f1=f1+(le-8)*scale 
END IF 
LOOP UNTIL b1-bO<conv*scale 
MAT change=m*unit 
END SUB 
SUB simulation(coef(),error) 
DIM answer(l),data(l,l) 
LET ndata = 88 
LET nvar = 12 
MAT data=zer(ndata,nvar) 
MAT answer=zer (ndata) 
OPEN 11: NAME "Evap models" ,ACCESS INPUT, ORG TEXT Data file 
MAT INPUT 11: DATA ! Read data file 
CLOSE 11 
FOR nj=l to ndata 
! This program makes use of Newton Raphson subroutines and code 
provided by Professor Pedersen. 
NVAR 
R 
DX 
RO 
FPRIME 
INVFPRIME 
- NUMBER OF VARIBLES USED IN THE NEWTON ROUTINE 
- RESIDULE EQUATIONS 
- VECTOR FOR CHANGE IN GUESS VALUES 
- VECTOR USED IN CALCULATION DIRIVITIVES 
- DIRIVITIVE MATRIX 
- SOLUTION OF DIRIVITIVE MATRIX 
LET NVAR = 3 ! SET NUMBER OF VARIABLES 
DIM R(l),DX(l),RO(l),FPRIME(l,l),INVFPRIME(l,l),SF(l,l) ,X(l) 
! 
INITIALIZE, RESIZE AND ZERO ARRAYS 
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MAT R=ZER (NVAR) 
MAT DX=ZER (NVAR) 
MAT RO=ZER (NVAR) 
MAT X=zer (nvar) 
! 
LET x(1)=14000 Q 
LET x(2)=30 tsur 
LET x(3)=15 hab 
MAT FPRIME=ZER (NVAR, NVAR) 
MAT INVFPRIME=ZER (NVAR, NVAR) 
MAT SF=ZER (NWALLS, NWALLS) 
**************************************************************** 
** DELTA IS FRACTIONAL INCREMENT OF XCI) USED IN 
** NUMERICAL PARTIAL DERIVATIVE CALCULATION 
LET DELTA=.OOl 
FOR NITER = 1 TO 50 
CALL CALCFP 
CALL CALCR(R,X,data(,),nj,coef) 
** 
** SOLVE FOR CORRECTIONS 
** NOTE +R IS USED ON RHS 
** CORRECTIONS WILL BE SUBTRACTED FROM BASE VALUE 
** 
MAT INVFPRIME= INV (FPRIME) 
MAT DX=INVFPRIME*R 
MAT X=X-DX 
LET ERR=DOT(DX,DX) 
LET XNORM = DOT (X, X) 
IF ERR < 1.0e-12*XNORM THEN TERMINATION CONDITION 
CALL CALCR(R,X,data(,) ,nj,coef) ! REEVALUATE R 
EXIT FOR 
END IF 
NEXT NITER 
IF niter = 50 THEN PRINT "ITERATION LIMI~ REACHED, NO SOLUTION" 
LET answer(nj)=x(l) 
NEXT nj 
! 
SUB CALCFP 
** 
! ** INTERNAL SUBROUTINE TO FILL PARTIAL DERIVATIVE· MATRIX 
! ** 
CALL CALCR(RO,X,data(,),nj,coef) 
FOR 1=1 TO NVAR 
LET DELTAX=DELTA*X(I) 
LET X(I)=X(I)+DELTAX 
CALL CALCR(R,X,data(,),nj,coef) 
FOR J=l TO NVAR 
IF deltax = 0 then LET deltax=le-50 
LET FPRIME(J,I)=(R(J)-RO(J»/(DELTAX) 
NEXT J 
LET X(I)=X(I)-DELTAX 
NEXT I 
END SUB 
LET error=O 
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FOR i = 1 to ndata 
LET error=error+(answer(i)-(data(i,5)-data(i,6»*data(i,1»A2 
NEXT i 
LET error = (error/ndata)A.5 
END SUB 
END OF Newton 
*************************************************************************** 
SUB CALCR(R(),X(),data(,),nj,coef(» 
** 
** SUBROUTINE TO EVALUATE RESIDUAL EQUATIONS for Newton 
** 
** ASSIGN VALUES TO THE VARIABLES FROM 
** THE X ARRAY TO SIMPLIFY CALLING PROCEDURE AND MAKE THE EQUATION 
READABLE 
!--------------------------------------------------------
! ** Model equations 
LIBRARY nprops2c.mod*" 
DECLARE DEF WAMB, HAIR 
! 
LET Pamb = data (nj,9) 
LET Erti = data(nj,ll) 
LET Erto = data(nj,12) 
LET Rflow = data(nj,IO) 
LET Eahi = data (nj, 5) 
LET Eaho = data (nj, 6) 
LET Ewi = data (nj,7) 
LET Eaflow= data (n j, I) 
! 
LET rr = coef(I)*le-2/rflowAO.8 
LET rm = coef(3)*le-4 
LET rad = coef(2)*le-2/eaflowAO.5 
LET raw = coef(4)*le-2/eaflowAO.5 
! 
LET Q = x(l) 
LET tsur = x (2) 
LET hab = x (3) 
! 
CALL moisth(pamb,lOO,tsur,hasurw,wasurw) 
LET wasurd = min (wasurw, ewi) 
LET hasurd = hair(tsur,wasurd) 
LET ld=(abs«wasurd-le-IO)/ewi»Acoef(5) 
LET Qad=eaflow*(eahi-hab) 
LET Qad=ld*«eahi+hab)/2-hasurd)/rad 
! ** RESIDUAL EQUATIONS 
! 
LET R(I) = Q-(tsur-(erti+erto)/2)/(rr+rm) 
LET R(2) = Q-Qad-Qaw 
LET R(3) = Qaw-(I-ld)*«hab+eaho)/2-hasurd)/raw 
END SUB 
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APPENDIX C . MODEL PROGRAMS 
Steady State Evaporator Model 
The steady state model is a newton raphson equation solver with the model equations as 
they were presented in chapter 3 placed into the residule equation solver. This program is 
writen in FORTRAN. 
%include 'matrix.inc' 
%include 'LINSYS.inc' 
program NEWTON_ssmod 
integer nj,NVAR,ndata,NITER,I,J,cond 
double precision oilc,data(400,13),VECdot,anevap(100,10) 
double precision line(13),R(5),DX(5),FPRIME(5,5),INVFPRIME(5,5) 
double precision X(5),RO(5),DELTA,DELTAX,ERR,XNORM,DET 
double precision coef(8),error,error2,error3 
double precision fd,Qad,Qaw,wasurd,Eato 
Common//coef,fd,Qad,Qaw,wasurd,Eato 
oilc = 0.03 
Call init (oilc) 
coef(1)=6.827159 
coef(2)=17.4617806 
coef(3)=14.2347895 
coef(4)=1.2538474 
coef(5)=0.9397954 
coef(6)=0.8186460 
coef(7)=0.91734125 
coef(8)=0.6966457 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
This program makes use of Newtom Raphson subroutines and code 
provided by Professor Pedersen. 
NVAR 
R 
X 
DX 
RO 
FPRIME 
INVFPRIME 
ndata = 88 
- NUMBER OF VARIBLES USED IN THE NEWTON ROUTINE 
- RESIDULE EQUATIONS 
- VECTOR OF UNKNOWNS 
- VECTOR FOR CHANGE IN GUESS VALUES 
- VECTOR USED IN CALCULATION DIRIVITIVES 
- DIRIVITIVE MATRIX 
- SOLUTION OF DIRIVITIVE MATRIX 
Open (Unit=l, File="Data com ss",status="old") 
Do 50 I=l,ndata --
Read(l, *) line 
Do 50 J=1,13 
data(I,J)=line(J) 
Continue 
Close (1) 
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NVAR = 5 
Do 40 nj=l ,ndata 
C INITIALIZE, RESIZE AND ZERO ARRAYS 
C 
C initial guesses 
C 
= data(nj,8) 
= data (nj,9) 
= data(nj,10)+2 
= (data(nj,11)+data(nj,12»/2 
= data(nj,13) 
C 
C **************************************************************** 
C 
C ** DELTA IS FRACTIONAL INCREMENT OF XCI) USED IN 
C ** NUMERICAL PARTIAL DERIVATIVE CALCULATION 
C 
DELTA=0.0005 
cond = 1 
NITER = 0 
Do 30 While (cond .eq. 1) 
NITER = NITER + 1 
C ** 
C ** INTERNAL TO FILL PARTIAL DERIVATIVE MATRIX 
C ** 
CALL CALCR(RO,X,data,nj) 
Do 20 I=l ,NVAR 
DELTAX=DELTA*X(I) 
=X(I)+DELTAX 
CALL CALCR(R,X,data,nj) 
Do 10 J=l ,NVAR 
FPRIME(J,I)=(R(J)-RO(J»/(DELTAX) 
Continue 
=X(I)-DELTAX 
Continue 
Do 25 I=l,NVAR 
Continue 
C ** 
C ** 
C ** 
C ** 
C ** 
= RO(l:) 
SOLVE FOR CORRECTIONS 
NOTE +R IS USED ON RHS 
CORRECTIONS WILL BE SUBTRACTED FROM BASE VALUE 
Call LINSYS(NVAR,NVAR,FPRIME,R,lD-6,lD-6,INVFPRIME,DX,DET) 
Call VECsub(NVAR,X,X,DX) 
ERR=VECdot(NVAR,DX) 
XNORM = VECdot (NVAR, X) 
If (ERR .It. 1.0e-8 *XNORM) Then 
CALL CALCR(R,X,data,nj) 
cond = 2 
Elseif (NITER .qt. 20) Then 
CALL CALCR(R,X,data,nj) 
cond = 3 
Endif 
Continue 
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If (cond .eq. 3) Then 
Write (*,*) "ITERATION LIMIT REACHED, NO SOLUTION" 
Endif 
C 
write (*,*) nj,NITER,R(1),R(2),R(3),R(4),R(5) 
C set up answer matrix 
anevap(nj,l)=X(l) 
anevap(nj,2)=X(2) 
anevap(nj,3)=X(3) 
anevap(nj,4)=X(4) 
anevap(nj,5)=X(5) 
anevap(nj,6)=fd 
anevap(nj,7)=Qad 
anevap (nj, 8)=Qaw 
anevap(nj,9)=wasurd 
anevap(nj,10)=Eato 
C 
Continue 
C 
error=O 
error2=0 
error3=O 
do 45 I = 1,ndata 
error=error+(anevap(I,2)-data(I,9»**2 
error2=error2+(anevap(I,1)-data(I,8»**2 
error3=error3+(anevap(I,5)-data(I,13»**2 
Continue. 
error = (error/ndata)**0.5 
error2 = (error2/ndata)**0.5 
error3 = (error3/ndata)**0.5 
C output 
write (*,*) "error q, error p, error w" 
write (*,*) error,error2,error3 
Open (Unit=2, Fi1e="OUTPUT", STATUS="NEW") 
Write (2,*) "Pout ","Q ","Tsur ","Hab ","waout 
& "Qad ","Qaw ","wasurd ","Eato " 
Do 60 I=l,ndata 
Write (2, 105) (anevap (I, J), J=l, 10) 
format (10(f12.5» 
Continue 
Close (2) 
C 
Write (*,*) "have a nice day." 
stop 
END 
C END OF Newton 
","fd " , 
C **************************************************************** 
C 
Subroutine CALCR(R,X, data, nj) 
integer nj . 
double precision R(*),X(*),data(400,*),Pamb,Rflow 
double precision Eaflow,Tref 
double precision Eawi,Eati,Erpo,Q,tsur,Qad,Qaw,hab,Eawo,Erti,dum 
124 
double precision Erdi,Erxi,Erho,Erto,Erdo,Erxo,Eahi,Eaho,Eato 
double precision hasurw,wasurw,wasurd,hasurd,fd,rr,rm,rad,raw,Erhi 
double precision Erpi,coef(8),Erhsat,dum2,tf,Ertsat,dumx 
Common//coef,fd,Qad,Qaw,wasurd,Eato 
** C 
C 
C 
C 
C 
C 
C 
C 
C 
** SUBROUTINE TO EVALUATE RESIDUAL EQUATIONS for Newton 
** 
** ASSIGN VALUES TO THE VARIABLES FROM 
** THE X ARRAY TO SIMPLIFY CALLING PROCEDURE AND MAKE THE 
EQUATIONS READABLE 
** Model equations 
C model inputs 
C 
Pamb = data(nj,l) 
Rflow = data(nj,2) 
Eaflow= data(nj,3) 
Erpi = data (nj,4) 
Erhi = data(nj,S) 
Eawi = data (nj,6) 
Eati = data(nj,7) 
C 
Erpo = X(l) 
Q = X(2) 
tsur = X(3) 
hal> = X(4) 
Eawo = XeS) 
C 
C Heat Transfer 
CALL Mixhp(Erhi,Erpi,Erti,dum,Erdi,Erxi) 
Erho=Erhi+Q/Rflow 
C evaporator ref. enthalpy out from energy balance 
CALL Mixhp(Erho,Erpo,Erto,dum,Erdo,Erxo) 
Eahi = (0.24+0.444*Eawi)*Eati+Eawi*10.61 
C solves for air enthalpy given temperature • and. humidity ratio 
Eaho = Eahi-Q/Eaflow 
Eato = (Eaho-1061*Eawo)/(0.24+0.444*Eawo) 
C evaporator air enthalpy out from energy balance 
dum = 100 
CALL Moisth(Pamb,dum,tsur,hasurw,wasurw) 
C surface enthalpy . and. humidity ratio wet 
If (Eawi.lt.wasurw) then 
wasurd = Eawi 
Else 
wasurd = wasurw 
Endif 
hasurd = (0.24+0.444*wasurd)*tsur+wasurd*1061 
C surface enthalpy dry 
fd=(wasurd/Eawi)**coef(4) 
C fraction of the dry evap 
rr = coef(1)*le-3/(Erxi**coef(S)*Rflow**0.8) 
C refrigerant heat transfer resistance 
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l:m =0 
c le-5*coef(7)**2 
C metal heat transfer resistance 
rad = coef(2)*le-2/Eaflow**coef(6) 
C dry air resistance 
raw = coef(3)*le-2/Eaflow**coef(6) 
C wet air resistance 
C 
Tref = (Erti+Erto)/2 
If (Erxo.eq.100) Then 
Ertsat = 0 
dmnx=0.99 
Call Mixptq(Erpo,Ertsat,dmnx,dum,Erhsat,dum2) 
tf=(Erhsat-Erhi)/(Erho-Erhi) 
Tref = (Erti+Ertsat)*tf/2+(Erto+Ertsat)*(1-tf)/2 
Endif 
C 
Qad=fd*«Eahi+hab)/2-hasurd)/rad 
Qaw=(l-fd) * «hab+Eaho)/2-hasurd)/raw 
C ** RESIDUAL EQUATIONS 
C heat transfer 
= (Q-(tsur-Tref)/(rr+l:m»/lOO 
= (Q-Qad-Qaw)/lOO 
= (Qad-Eaflow*(Eahi-hab»/lOO 
C pressure 
= (Erpi-Erpo)-Rflow**2/«Erd1+Erdo)/2) 
& *(1.38431e-5+9.7207e-4/(0.5*Rflow*(1/Erd1+1/Erdo»**0.55) 
C Mass Transfer 
= «Eawi - Eawo) - (Eawi-wasurd) * (l-fd) 
& *(coef(7)+coef(8)*le-3*Eaflow»*100 
return 
end 
Transient Model 
The transient model is similar to the steady state model. Only the post processor has 
been changed significantly. The post processor is where the transient models are calculated. It 
appears at the end of the newton raphson routine. This program is writen in FORmAN. 
%include 'matrix. inc , 
%include 'LINSYS.inc' 
integer nj,NVAR,ndata,NITER,I,J,cond,tl 
character*25 nameS 
double precision oilc,data(200,6),ae(0:200,20),VECdot 
double precision line(6),R(5),DX(5),FPRIME(5,5),INVFPRIME(5,5) 
double precision X(5),RO(5),DELTA,DELTAX,ERR,XNORM,DET 
double precision Erho,fd,Erto,Erxo,Eaho,Eato 
double precision dum,Erdo,Qad,Qaw,Eahi,qw(200),qd(200) 
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double precision TCd(200),TCw(200),HAd,HAw,q(200) 
double precision HAr,TCr(200) 
common II fd,Eahi,Qad,Qaw,HAd,HAw,HAr 
C This program makes use of Newtom Raphson subroutines and code 
C provided by Professor Pedersen. 
C 
C NVAR - NUMBER OF VARIBLES USED IN THE NEWTON ROUTINE 
C R - RESIDULE EQUATIONS 
C X - VECTOR OF UNKNOWNS· 
C DX - VECTOR FOR CHANGE IN GUESS VALUES 
C RO - VECTOR USED IN CALCULATION DIRIVITIVES 
C FPRIME - DIRIVITIVE MATRIX 
C INVFPRIME - SOLUTION OF DIRIVITIVE MATRIX 
C 
oilc = 0.03 
Call init (oilc) 
name$ = "INPUT" 
99 Format (a) 
Open (Unit=l, File=name$,status="old") 
Read(l,*) ndata,tl 
Do 50 I=l,ndata 
Read(l,*) line 
Do 50 J=1,6 
data (I, J)=line (J) 
50 Continue 
Close (1) 
Open (Uni t=2, Fi 1 e= " OUTPUT " , STATUS="NEW") 
Write (2,*) "erpo,","Q,","tsur,","Qad,","Qaw,","hab,", 
& "Eawo,","Erho, ", "fd, ", "Erto,","HAd,","Erxo,","HAr,", 
& "HAw,","Eaho,","Eato,","qd,","qw,","Q tran,", 
& "'L-latyre, " -
NVAR = 5 
C Initial guesses 
ae(0,1)=data(1,3)-3 
C ,Erpo, evaporator ref. pressure out 
ae(0,2)=data(1,1)*(102-data(1,4» 
C Q, heat transfer 
ae(0,3)=30 
C tsur, coil surface temperature 
ae(O,6)=20 
C hab, enthalpy of the air at the boundary, wet/dry 
ae(O,7)=data(1,5)*O.5 
C Eawo, evaporator air humidity ratio out 
Do 40 nj=l ,ndata 
C INITIALIZE, RESIZE AND ZERO ARRAYS 
C 
C initial guesses 
C 
X(l)=ae(nj-l,l) 
X(2)=ae(nj-1,2) 
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X(3)=ae(nj-1,3) 
X(4)=ae (nj-1, 6) 
X (5) =ae (nj-1, 7) 
C **************************************************************** 
C 
C ** DELTA IS FRACTIONAL INCREMENT OF XCI) USED IN 
C ** NUMERICAL PARTIAL DERIVATIVE CALCULATION 
C 
C 
C 
C 
** 
** 
** 
DELTA=0.0005 
cond = 1 
NITER = 0 
Do While (cond .eq. 1) 
NITER = NITER + 1 
INTERNAL TO FILL PARTIAL DERIVATIVE MATRIX 
CALL CALCR(RO,nj,data,X) 
Do 20 1=1 ,NVAR 
DELTAX=DELTA*X(I) 
X(I)=X(I)+DELTAX 
CALL CALCR(R,nj,data,X) 
Do 10 J=1 , NVAR 
FPRIME(J,I)=(R(J)-RO(J»/(DELTAX) 
10 Continue 
X(I)=X(I)-DELTAX 
20 Continue 
Do 25 1=1, NVAR 
R(I) = RO(I) 
25 Continue 
C 
C 
C 
C 
C 
C 
** 
** 
** 
** 
** 
SOLVE FOR CORRECTIONS 
NOTE +R IS USED ON RHS 
CORRECTIONS WILL BE SUBTRACTED FROM BASE VALUE 
Call LINSYS(NVAR,NVAR,FPRIME,R,ID-6,ID-6,INVFPRIME,DX,DET) 
Call VECsub(NVAR,X,X,DX) 
ERR=VECdot(NVAR,DX) 
XNORM ~ VECdot(NVAR,X) 
If (ERR .It. 1.0e-8 *XNORM) Then 
CALL CALCR(R,nj,data,X) 
cond = 2 
write (*,*) nj,NlTER 
end do 
Elseif (NITER .gt. 11) Then 
CALL CALCR(R,nj,data,X) 
cond = 3 
Endif 
If (cond .eq. 3) Then 
Write(*,*) "ITERATION LIMIT REACHED, NO SOLUTION" 
Endif 
C set up answer matrix and post processor 
C 
ae(nj,l) =X(I) 
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ae(nj,2) =X(2) 
ae(nj,3} =X(3) 
ae(nj,4) =Qad 
ae(nj,5} =Qaw 
ae(nj,6} =X(4) 
ae (nj, 7) =X (5) 
TCd(nj) = 0.21751*3600/HAd 
TCw(nj) = 0.57276*3600/HAw 
TCr(nj) = 1.80709*3600/HAr 
If (nj.gt.tl.and.nj.gt.l) then 
qw (nj) = qw (nj-l) + (ae (nj-tl, 5) -qw (njo-l) ) * 
& (1-exp(-2/TCw(nj-tl»)*(1-exp(-2/TCr(nj-tl») 
qd(nj) = qd(nj-l)+(ae(nj,4)-qd(nj-l»* 
& (1-exp(-2/TCd(nj»)*(1-exp(-2/TCr(nj-tl») 
Else 
qw (nj) Qaw 
qd(nj) = Qad 
Endif 
q(nj) = qw(nj)+qd(nj) 
Erho = data(nj,4)+q(nj)/data(nj,1) 
ae(nj,8) =Erho 
ae(nj,9) =fd 
CALL Mixhp(Erho,X(l),Erto,dum,Erdo,Erxo) 
ae (nj, 10)=Erto 
ae(nj,ll)=HAd 
ae(nj,12)=Erxo 
ae(nj,13)=HAr 
ae(nj,14)=HAw 
Eaho = Eahi-q(nj)/data(nj,2) 
ae(nj,15)= Eaho 
Eato = (Eaho-X(5)*1061)/(0.24+0.444*X(5» 
ae(nj,16)=Eato 
ae(nj,17)=qd(nj) 
ae(nj,18)=qw(nj) 
ae(nj,19)=q(nj) 
ae(nj,20)=1061*data(nj,2)*(data(nj,5)-X(5)}*qw(nj)/Qaw 
write (2,105) ae(nj,1},ae(nj,2),ae(nj,3),ae(nj,4),ae(nj,5), 
& ae(nj,6),ae(nj,7),ae(nj,8},ae(nj,9),ae(nj,lO},ae(nj,ll), 
& ae(nj,12},ae(nj,13),ae(nj,14),ae(nj,15),ae(nj J 16),ae(nj,17), 
& ae(nj,18},ae(nj,19},ae(nj,20) 
105 format(f9.5,",",f12.5,",",f9.5,",",2(f12.5,","),f9.5,",", 
C 
C 
&f8.5,",",flO.5,",",f8.5,",",f9.5,",",flO.5,",",f8.5,",",f12.5,",", 
&flO.5,",",2(f9.5,","},4(f12.5,","» 
40 Continue 
Close (2) 
Write (*,*) "have a nice day." 
Stop 
END 
C END OF Newton 
C **************************************************************** 
C 
Subroutine CALCR(R, nj, data, X) 
integer nj 
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c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
double precision R(*),X(*),data(200,*),pamb,Rflow 
double precision Eaflow,Tref 
double precision Eawi,Eati,Erpo,Q,tsur,Qad,Qaw,hab,Eawo,Erti,dum 
double precision Erdi,Erxi,Erho,Erto,Erdo,Erxo,Eahi,Eaho,Eato 
double precision hasurw,wasurw,wasurd,hasurd,fd,rr,rm,rad,raw,Erhi 
double precision Erpi,Erhsat,dum2,tf,Ertsat,dumx,HAd,HAw,HAr 
common II fd,Eahi,Qad,Qaw,HAd,HAw,HAr 
** 
** SUBROUTINE TO EVALUATE RESIDUAL EQUATIONS for Newton 
** 
** ASSIGN VALUES TO THE VARIABLES FROM 
** THE X ARRAY TO SIMPLIFY CALLING PROCEDURE AND MAKE THE 
EQUATIONS READABLE 
** Model equations 
model inputs 
pamb = 14.385 
ambient pressure 
Rflow = data(nj,l) 
refrigerant flow 
Eaflow= data(nj,2) 
air flow 
Erpi = data(nj,3) 
evaporator ref. pressure in 
Erhi = data(nj,4) 
evaporator ref. enthalpy in 
Eawi = data(nj,5) 
evaporator air humidity ratio in 
Eati = data (nj,6) 
evaporator air temperature in 
unknowns 
ErpO = X(l) 
C evaporator ref. pressure out 
Q = X(2} 
C evaporator heat transfer 
tsur = X (3) 
C coil surface temperature 
hab = X(4) 
C air enthalpy at bourder of wet/dry 
Eawo = X(5) 
C evaporator air humidity ratio out 
C 
C Heat Transfer 
CALL Mixhp(Erhi,Erpi,Erti,dum,Erdi,Erxi) 
Erho=Erhi+Q/Rflow 
C evaporator ref. enthalpy out from energy balance 
CALL Mixhp(Erho,Erpo,Erto,dum,Erdo,Erxo) 
Eahi = (O.24+0.444*Eawi)*Eati+Eawi*1061 
C solves for air enthalpy given temperature . and. humidity ratio 
Eaho = Eahi-Q/Eaflow 
C evaporator air enthalpy out from energy balance 
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dum = 100 
CALL Moisth(pamb,dum,tsur,hasurw,wasurw) 
C surface enthalpy • and. humidity ratio wet 
If (Eawi.lt.wasurw) then 
wasurd = Eawi 
Else 
wasurd = wasurw 
Endif 
hasurd = (0.24+0.444*wasurd)*tsur+wasurd*1061 
C surface enthalpy dry 
fd=(abs«wasurd-1e-10)/Eawi»**1.2538474 
C fraction of the dry evap 
C 
rr = 6.8271519*le-3/(Erxi**0.9397954*Rflow**0.8) 
C refrigerant heat transfer resistance 
r.m = 0.0 
C 1e-5*0.0002816**2 
C metal heat transfer resistance 
rad = 17.4617860*le-2/Eaflow**0.8186460 
C dry air resistance 
raw = 14.2347895*le-2/Eaflow**0.8186460 
C wet air resistance 
HAd=(0.24/rad)*fd 
HAw=(0.24/raw) * (l-fd) 
HAr=l/rr 
C 
C ** RESIDUAL EQUATIONS 
Tref = (Erti+Erto)/2 
If (Erxo.eq.lOO) Then 
Ertsat = 0 
dumx=0.99 
Call Mixptq(Erpo,Ertsat,dumx,dum,Erhsat,dum2) 
tf=(Erhsat-Erhi)/(Erho-Erhi) 
Tref = (Erti+Ertsat)*tf/2+(Erto+Ertsat)*(1-tf)/2 
Endif 
Qad=fd*«Eahi+hab)/2-hasurd)/rad 
Qaw=(1-fd)*«hab+Eaho)/2-hasurd)/raw 
C heat transfer 
R(l) = (Q-(tsur-Tref)/(rr+r.m»/IOO 
R(2) = (Q-Qad-Qaw)/IOO 
R(3) = (Qad-Eaflow*(Eahi-hab»/lOO 
C pressure 
R(4) = (Erpi-Erpo)-Rflow**2/«Erdi+Erdo)/2) 
& *(1.38431e-5+9.7207e-4/(0.5*Rflow*(1/Erdi+l/Erdo»**0.55) 
C Mass Transfer 
R(5) = «Eawi - Eawo) - (Eawi-wasurd) * (l-fd) 
& *(0.91734125+0.6966457*le-3*Eaflow»*100 
return 
end 
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APPENDIX D . STEADY·STATE SYSTEM MODEL EQUATIONS 
C University of Illinois at Urbana-Champaign 
C Department of Mechanical and Industrial Engineering 
C ACRC Project 09 
C 
C 1993 by Joel VanderZee 
C 
C This routine must be linked with refrigerant property routines. 
Subroutine sysresid(input,out,resids) 
double precision hundred,unity,zero,negone,pi,Hair,third 
double precision input(10),out(16),resids(16) 
C** accumulator and acc.-comp. ref. line 
double precision ac1,ac2,aR(2) 
double precision Pdrop,arpo,atsat,arh 
C** compressor 
double precision kparm(8),kR(1),ktsat 
double precision krpi,krhi,hrpo,rpm,kTamb,mr,power,krho 
double precision krsi,krri,krhos,krros,krti 
double precision Vdisp,Kcl,ClearEff,Vdot S,VolEff,Vdot 
double precision workc,workcs,IsenEff,kQ;krdh,xx,yy,zz 
C** comp.-cond. ref. line 
double precision krpo 
double precision crpi,krro,kcdp 
C** condenser 
double precision cparm(9),cR(7),calcpo 
double precision cK,D,A,m,cMa,cHumRat 
double precision crti,crhi,crdi,crp1,crt1,crh1,crdl 
double precision crp2,crt2,crh2,crd2,crpo,crto,crho,crdo 
double precision cati,cato sh,cato c,cato sc 
double precision cahi,caho-sh,caho-c,caho-sc 
double precision Tbar, Tabar, UA,FF,Q,Qa, Qcalc, DP,DPcalc 
double precision shfrac,cfrac,scfrac,UA1,UA2,FF1,FF2,DP1,DP2 
C** expansion valve 
double precision xp1,xp2,xdrop,xR(1) 
C** evaporator 
double precision eparm(10),eR(5) 
double precision pamb,Rflow,Eaflow,Erpi,Erhi,Eawi,Eati 
double precision Erpo,Tsur,Qad,Qaw,hab,Erho,Eawo 
double precision fd,rr,rm,rad,raw 
double precision Erti,Erto,Eahi,Eaho,Erdi,Erdo,Erxi 
double precision hasurw,hasurd,wasurw,wasurd 
hundred = 100.0 
unity = 1. 0 
zero = 0.0 
negone = -1.0 
pi = 3.141592653589793 
third = 1. 0/3.0 
C** compressor 
kTamb = input(8) 
rpm = input (9) 
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krpi = out (2) 
Call Fsatp(krpi,ktsat,xx,yy) 
krti = ktsat + out(l) 
krpo = out (3) 
krho = out(4) 
xx = hundred 
Call Mixptq(krpi,krti,xx,krri,krhi,krsi) 
C ref. density (lb/ftA3) 
C suction entropy (Btu/lb-R) 
C for mass flow rate: 
kparm(l) 0.2009767 
kparm(2) = -1.183723e-4 
C (rpmA-l) 
kparm(8) = 0.4496402 
C (lb/ftA 3) 
C for isen. eff.: 
kparm(3) = 0.4093637 
kparm(4) = -1.008538e-4 
C (rpmA -1) 
kparm(5) = 0.2772446 
C (lb/ft A 3) 
C for heat loss: 
kparm(6) = 26.74 
C (Btu/rpm-hr) 
kparm(7) = 15.32 
C (Btu/hr-F) 
C Vcl = 0.243 
C clearance vol (in.A3) 
Vdisp = 10.37 
C displacement (in.A3) 
C Rcl = Vcl/Vdisp 
Rcl = 0.243/10.37 
C clearance fraction 
Call Mixsp{krsi,krpo,xx,krhos,krros,yy) 
C discharge enth. at const. ent. (BTU/lb) 
C discharge density at const. ent. (lb/ftA3) 
ClearEff = 1 - Rcl*(krros/krri - 1) 
C clearance volum. eff. 
Vdot S = C1earEff*rpm*Vdisp/1728 
C isen~ volum. flow rate (cfm) 
VolEff = kparm(1) + kparm(2) * rpm + kparm(8)/krri 
C isen. volum. eff. 
C NOTE! Called this "effrat" in analyzer! ! 
C It is NOT the SAME as the "voleff" there!! 
Vdot = VolEff*Vdot S 
C suction ref. volumetric flow rate (cfm) 
C kR{l) = mr - Vdot*60*krri 
mr = Vdot*60*krri 
C ref. mass flow rate (lbm/hr) 
workcs = krhos - krhi 
C isen. work (BTU/lb) 
IsenEff = kparm(3) + kparm(4) * rpm + kparm(5)/krri 
C isen. eff. 
workc = workcs/IsenEff 
C actual work compo 
C kR(2) = (power - mr*workc)/12000 
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power = mr*workc 
C required compo power (divide by 12,000 to norm.) 
kQ = kparm(6)*rpm**0.5 + kparm(7) * (kTamb-krti) 
C heat loss 
krdh = (power - kQ) /mr 
C enth. rise 
kR(1) = krho - (krdh + krhi) 
C compo discharge ref. enth. 
C** comp.-cond. ref. line 
kcdp = 6.285674e-4 
C empirical pressure drop coefficient (hrA 2-ftA 3-psi/lbA 3) 
crhi = krho 
C no heat transfer 
Call Mixhp(krho,krpo,xx,yy,krro,zz) 
crpi = krpo - kcdp*(mr**2)/krro 
C pressure drop 
C** condenser 
C for heat transfer: 
cparm(1) = 0.1632045994812011 
cparm(2) = 5.2751165442019870E-02 
cparm(3) = 0.2198721449019462 
C (ftA 2-F-hr-lbA O.8/BTU-hrA O.8) 
cparm(4) = 0.2831501216515262 
C (ftA 2-F-hr-lbA O. 67/BTU-hrA O. 67) 
C for pressure drop: 
cparm(5) = 2.914678168647671 
cparm(6) = 0.4834631486447542 
cparm(7) = -0.7516406390569577 
C (lbA O.25/hrA O.25) 
cparm(8) = 8.2052033840200130E-02 
C (-) 
cK = 1. 66546E-ll 
C this above to convert Ibm-ft/ftA 2-hrA 2 to psi 
D = 0.02083 
C (ft) 
A = pi*D**2/4 . 
C (ft A 2) 
m = mr 
cMa = input (2) 
cati = input (3) 
cato sh = out (7) 
cato-c = out (8) 
cato-sc = out (9) 
cHumRat = input (4) 
cahi = Hair(cati,cHumRat) 
caho sh = Hair(cato sh,cHumRat) 
caho-c = Hair (cato c,CHumRat) 
caho-sc = Hair(cato sc,cHumRat) 
Call-M1xhp(crhi,crpI,crti,xx,crdi,yy) 
crp1 crpi - out(10) 
crp2 = crpi - out(11) 
crt1 = 0 
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Call Mlxptq(crpl,crtl,unity,crdl,crhl,xx) 
crt2 = 0 
Call Mixptq(crp2,crt2,zero,crd2,crh2,xx) 
crpo = crpi - out(l2) 
crto = crt2 - out(l3) 
xx = neqone 
Call Mixptq(crpo,crto,xx,crdo,crho,yy) 
o = m*(crhi - crhl) 
UA = 2/(cpaDm(4)/cMa**O.67 + cpaDm(l)/(m/2.0)**O.8) 
shfrac = 0 / (UA*«crti + crtl) - (cati + cato sh»/2) 
Oa = cMa*(caho sh - cahi)*shfrac -
cR(l) = (0 - Oa)/lOOO 
DP = crpi + cK*(m/2)**2/(A**2 * crdi) - crpl - cK*(m/2)**2/(A**2 
& * crdl) 
FF = cpaDm(8) + cpaDm(5)/(m/2)**O.25 
DPcalc = (cK*(m/2)**2/(A**2 * 2*crdi» * (shfrac/D) * FF 
cR(2) = DP - DPcalc 
o = m*(crhl - crh2) 
UAl = 2/(cpaDm(4)/cMa**O.67 + cpaDm(2)/(m/2.0)**O.8) 
UA2 = l/(cpaDm(4)/cMa**O.67 + cpaDm(2)/m**O.8) 
cfrac = (0 / «(crtl + crt2) - (cati + cato c»/2) -
& (third - shfrac)*UAl)/UA2 + third - shfrac 
Oa = cMa*(caho c - cahi)*cfrac 
cR(3) = (0 - Oa)/lOOO 
DP = crpl + cK*(m/2)**2/(A**2 * crdl) - crp2 - cK*m**2/ 
& (A**2 * crd2) 
FFl = cpar.m(8) + cpaDm(6)/(m/2)**O.25 
FF2 = cpar.m(8) + cpaDm(6)/m**O.25 
DPl = (cK*(m/2)**2/(A**2 * 2*crdl» * «third - shfrac)/D) * FFl 
DP2 = (cK*m**2/(A**2 * 2*crdl» * «cfrac - third + shfrac)/D) * 
& FF2 
cR(4) = DP - DPI - DP2 
calcpo = crpi - DPcalc - DPl - DP2 
o = m*(crh~ - crho) 
scfrac = 1 - shfrac - cfrac 
Oa = cMa*(caho sc - cahi)*scfrac 
cR(5) = (0 - Oa)/lOOO 
UA = l/(cpaDm(4)/cMa**O.67 + cpaDm(3)/m**O.8) 
Ocalc = scfrac*UA*«crt2 + crto) - (cati + cato sc»/2 
cR(6) = (0 - Ocalc)/lOOO -
DP = crp2 + cK*m**2/(A**2 * crd2) - crpo - cK*m**2/(A**2 * crdo) 
FF = cpar.m(7)/m**O.25 
DPcalc = (cK*m**2/(A**2 * 2*crd2» * (scfrac/D) * FF 
cR(7) = DP - DPcalc 
calcpo = calcpo - DPcalc 
C** accumulator and acc.-comp. ref. line 
Erho = krhi 
Erpo = krpi + out(l4) 
C evaporator ref. pressure out 
Call Mlxhp(Erho,Erpo,Erto,xx,Erdo,yy) 
arpo = (Erpo + krpi)/2 
atsat = zero 
Call Mixptq(arpo,atsat,unity,xx,arh,yy) 
135 
ac1 = 7.934e-5 
ac2 = 0.002621 
Pdrop = «ac1 + ac2/(mr/(Erdo+krri)}**1.2} * mr**2}/ 
& (Erdo+krri) 
aR(l} = Pdrop - (Erpo - krpi) 
aR(2} = arh - Erho 
C** evaporator 
{Empirical Parameters} 
eparm(l} = 6.827159 
eparm(2} 17.4617806 
eparm(3} = 14.2347895 
eparm(4} = 1.2538474 
eparm(5} 0.9397954 
eparm(6} 0.8186460 
eparm(7} = 0.91734125 
eparm(8} = 0.6966457 
eparm(9} 1.3843le-5 
eparm(10} = 9.7207e-4 
pamb = input (1) 
C ambient pressure 
Rf10w = mr 
C refrigerant flow 
Eaflow= input (5) 
C air flow 
Eati = input ( 6) 
C evaporator air temperature in 
Eawi = input (7 ) 
C evaporator air humidity ratio in 
Erpi = Erpo + out(5) 
C evaporator ref. pressure in 
hab = out (16) 
C air enthalpy at border of wet/dry 
Eawo = out (6) 
C evaporator air humidity ratio out 
Erhi = crho 
C evaporator ref. enthalpy in 
Q = Rflow*(Erho-Erhi) 
C evaporator heat transfer 
CALL Mixhp(Erhi,Erpi,Erti,xx,Erdi,Erxi) 
Tsur = (Erto + Erti)/2 + out(15) . 
C coil surface temperature 
Eahi = Hair(Eati,Eawi) 
C solves for air enthalpy given temperature and humidity ratio 
Eaho = Eahi - Q/Eaflow 
C evaporator air enthalpy out from energy balance 
CALL Moisth(pamb,hundred,Tsur,hasurw,wasurw) 
C surface enthalpy and humidity ratio wet 
If (Eawi .It. wasurw) then 
wasurd = Eawi 
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Else 
wasurd = wasurw 
Endif 
hasurd = Hair(Tsur,wasurd) 
C surface enthalpy dry 
fd=(abs(wasurd/Eawi»**eparm(4) 
C fraction of the dry evap 
rr = eparm(l)*le-3/(Erxi**eparm(5)*Rflow**O.8) 
C refrigerant heat transfer resistance 
rad = eparm(2)*le-2/Eaflow**eparm(6) 
C dry air resistance 
raw = eparm(3)*le-2/Eaflow**eparm(6) 
C wet air resistance 
Qad = fd*«Eahi+hab)/2-hasurd)/rad 
C heat transfer of dry section 
Qaw = (l-fd)*«hab+Eaho)/2-hasurd)/raw 
C heat transfer of wet section 
C heat transfer 
eR(l) (Q - (Qad+Qaw»/lOOO 
eR(2) = (Q - (Tsur-(Erti+Erto)/2)/rr)/lOOO 
eR(3) = (Qad-Eaflow*(Eahi-hab»/lOOO 
C pressure 
eR(4) = (Erpi-Erpo)-(Rflow**2/«Erdi+Erdo)/2» 
& * (eparm(9) + eparm(lO)/(0.5*Rflow*(l/Erdi+l/Erdo»**0.55) 
C Mass Transfer 
eR(5) = «Eawi - Eawo) - (Eawi-wasurd) * (l-fd) 
& * (eparm(7) + eparm(8)*le-3*Eaflow»*lOOO 
C** expansion valve 
xdrop = input(lO) 
xpl = 1. 042 
C pressure drop coeff's 
xp2 = 56.4 
C (hrA l.5-psi/lbA l.5-ftA 3) 
C Erpi = crpo - (xpl + xp2/mr)*(mr**2)/crdo 
C Erpi = calcpo*(l - xpl) + xp2 
xR(l) = Erpi - (calcpo - xdrop) 
resids(l) = aR(2) 
resids(2) = xR(l) 
resids(3) = kR(l) 
resids(4) = cR(l) 
resids(5) = cR(2) 
resids(6) = cR(3) 
resids(7) = cR(4) 
resids(8) = cR(5) 
resids(9) = cR(6) 
resids(lO) = CR(7) 
resids(ll) = eR(l) 
resids(l2) = eR(2) 
resids(l3) = eR(3) 
resids(14) = eR(4) 
resids(l5) = eR(5) 
resids(16) = aR(l) 
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return 
end 
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